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Abstract 
Lead-based halide perovskite solar cells are a young but highly promising research 
field for future photovoltaic technologies. They have rapidly become the center of 
attention due to their outstanding power conversion efficiencies, yet the devices’ 
stability under working conditions is challenging. Furthermore, as a young and unique 
solar cell concept, their working principle is still under heavy debate. In light of this, the 
aim of the work at hand is the investigation of lead-based halide perovskite’s ionic 
conductivity with respect to device stability, as well as charge carrier injection and 
recombination processes across the interfaces of perovskite-materials with either a 
hole or an electron transporting layer. To this end, we have investigated model systems 
of perovskite solar cells using electrochemical methods, i.e. voltammetry, 
amperometry, and impedance spectroscopy, as well as femto-second transient 
absorption spectroscopy. We compared these results to figures-of-merit derived from 
current density voltage characteristics of full devices. We found that the ionic 
conductivity of hybrid perovskite was dependent on two diffusing species, namely 
halides and organic cations. This is in contrast to inorganic perovskite, where only 
halides diffuse, and forceful displacement of its second, non-lead inorganic cation 
causes decomposition. In ternary blends composed of perovskite nanoparticles, a 
polymer-based photon absorber, and a fullerene derivative, the charge carrier 
transport is facilitated by a cascading energy level alignment. We found that the 
presence of perovskite nanoparticles enables fast and longer-lasting charge carrier 
separation. In the next step, the electron injection from perovskite into electron 
transporting materials of different crystallinity was studied. Here, a layer of a 
polycrystalline fullerene derivative was compared to its amorphous standard analog. 
The augmented surface area and discrete energy levels of the polycrystalline film was 
found to offer ultrafast electron injection from perovskite. Finally, we turned towards 
charge carrier transfer processes occurring across the interface of perovskite with a 
small molecule type and polymer-based hole transporting materials. In both cases we 
found comparable injection time frames that corroborate ultrafast injection from 
perovskite. Furthermore, our study revealed an electron loss-pathway that elucidates 
how current loss in polymer-based hole transporting materials is correlated to the 
energetically deep lowest occupied molecular orbital. The findings of the work at hand 
help to open pathways for a better device stability as well as improved charge carrier 
injection for higher power conversion efficiencies of future perovskite solar cells.  
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Kurzbeschreibung 
Ein vielversprechender Forschungsbereich für zukunftsorientierte Photovoltaik-
technologien sind Bleihalogenid-Perowskit-Solarzellen, die durch ihre herausragenden 
Wirkungsgrade rasch in den Fokus der Forschung rückten. Unter Arbeitsbedingungen 
stellt die kurze Lebensdauer dieser Solarzellen jedoch nach wie vor eine 
Herausforderung dar und das Arbeitsprinzip ist noch nicht abschließend geklärt. 
Deshalb ist das Ziel dieser Arbeit die ionische Leitfähigkeit innerhalb der Perowskit-
Materialien, sowie die Ladungsträgerinjektion und –rekombination an den 
Grenzflächen von Perowskit-Materialien mit entweder einem Lochleiter oder einem 
Elektronenleiter zu untersuchen. Hierfür haben wir Modellsysteme der Solarzellen 
mittels elektrochemischen Messmethoden wie Voltammetrie, Amperometrie, und 
Impedanzspektroskopie, sowie zeitaufgelöste Transiente-Absorptionspektroskopie im 
Femtosekundenbereich untersucht. Die so gewonnenen Erkenntnisse wurden mit den 
Leistungskennzahlen und Wirkungsgraden der Solarzellen, welche anhand von 
Stromdichtespannungskennlinien bestimmt wurden, verglichen. Wir fanden heraus, 
dass die ionische Leitfähigkeit der hybriden Perowskite von zwei diffundierenden 
Komponenten abhängig ist, den Halogeniden und den organischen Kationen. Im 
Gegensatz dazu diffundieren in anorganischen Perowskiten nur Halogenide, da eine 
erzwungene Migration des zweiten, nicht-bleiartigen anorganischen Kations zur 
Zersetzung des Materials führt. In einer ternären Mischung bestehend aus Perowskit-
Nanopartikeln, einem polymerbasierten Lichtabsorber und einem Fullerenderivat wird 
die Ladungsträgerübertragung mittels einer kaskadenartigen Anordnung der 
Energielevel erleichtert. Wir beobachteten dabei, dass die Nanopartikel eine 
schnellere und langlebigere Ladungsträgertrennung begünstigen. Im nächsten Schritt 
untersuchten wir die Elektroneninjektion von Perowskit-Materialien in 
elektronleitenden Materialen mit unterschiedlicher Kristallinität. Hierfür wurde ein 
neuer Ansatz zur Herstellung kristalliner Nanopartikel, die aus einem Fullerenderivat 
bestehen, verwendet. Aus genannten Nanopartikeln stellten wir anschließend 
Dünnschichten her, welche mit ihren amorphen Standardanalogen verglichen wurden. 
Der polykristalline Film, der eine vergrößerte Oberfläche aufweist und diskrete 
Energielevel hat, ermöglicht eine ultraschnelle Elektroneninjektion vom Perowskit. 
Schlussendlich untersuchten wir Ladungsträgertransferprozesse an der Grenzfläche 
von Perowskit-Materialien mit kleinmolekularen und verschiedenen polymerbasierten 
Lochleitern. Für beide Arten fanden wir vergleichbare Injektionszeiten, welche die 
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ultraschnelle Lochinjektion vom Perowskit-Material untermauern. Diese Studie deckte 
außerdem einen zusätzlichen Verlustkanal für Elektronen auf, der den niedrigen 
Wirkungsgrad polymerbasierter Lochleiter mit tiefliegendem LUMO (engl. lowest 
unoccupied molecule orbital) erklärt. Die in dieser Arbeit dargelegten Erkenntnisse 
werden helfen, Perowskit-Solarzellen mit verbesserter Stabilität zu entwickeln und den 
Wirkungsgrad zu erhöhen, indem die Ladungsträgerseparierung sowohl beschleunigt 
als auch verlängert wird. 
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1. Introduction 
The growth and cultural evolution of the human species was from its turning point in 
evolution – the governing of fire1 – directly related to the use of extra-somatical energy. 
Traditionally, this energy was obtained from biomasses or from solar heating through 
skillful architecture. Yet, with the universal application of the steam engine during the 
industrial evolution (1760-1840) and, especially, since the beginning of the digital 
revolution, the global primary energy consumption has increased exponentially. Just 
within the last 67 years, it skyrocketed from 27.972 to 153.595 terawatt hours (TWh)2,3. 
To cover this rising energy demand, technologies were developed that exploit fossil 
fuels, such as coal, petroleum, and natural gasses, as innovative and highly efficient 
energy sources. Certainly, this development will continue in our digital age due to two 
major reasons. Firstly, developed countries want to retain their high living standards 
that are exemplified by easy-to-access worldwide commodities due to globalized 
transport, a world travelling mindset, conditioned housing climate, artificial illumination, 
and consumerism towards state-or-the-art technology. In the year 2017, these energy 
exploitation factors added up to 3,808 TWh in the Federal Republic of Germany alone 
and can be subdivided into four sectors: transportation (29.5%), residential (26%), 
commercial (15.5%), and industrial (28.9%) (Figure 1A)4,5. Secondly, developing 
countries urge to achieve the same high living standards developed countries have 
attained. 
This has, however, left a mark on our environment. About 80% of our primary energy 
consumption is covered by fossil fuels (Figure 1B), which exploits energy that was 
accumulated and stored over hundreds of millions of years but is now released over a 
few hundred years6,7. Hence, humans became the species that has the highest impact 
on the Earth’s geology and ecosystems8 since cyanobacteria caused the Great 
Oxygenation Event that enabled life for aerobes9. Consequences are, for example, an 
anthropogenic climate change, air and water pollution, as well as loss of biodiversity. 
The awareness to address these impacts has risen from an individual to a global scale 
as demonstrated by an increased worldwide focus on bio-products10, increasing 
participation and a growing interest in environmental policy, protest movements like 
“Fridays for future”, and global agreements such as the “Paris Climate Change 
Agreement”11. A highly efficient alternative to fossil fuels are nuclear power plants that 
provide a constant energy source. Yet it bears severe drawbacks; firstly, the 
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byproducts of nuclear power generation are long-lived radioactive waste12 and, 
secondly, the risk of nuclear disasters is present with not yet fully assessable 
consequences13,14. Consequently, nuclear energy covers only 6% (Figure 1B) of the 
primary energy consumption in the Federal Republic of Germany with falling tendency 
towards the nuclear phaseout.  
Hence, the challenge of our time is to develop clean, environmentally friendly, 
renewable, and save technologies for energy production that can still maintain the 
acquired modern lifestyle of developed countries while allowing the same to developing 
countries without compromising the needs of future generations15. The major 
contribution to the energy generation by renewables comes from traditional 
combustion of biomass (6.2%). Although originally well-intended, biofuels have fallen 
into disrepute as their resources are taken from forests, causing deforestation and soil 
erosion especially in rain forests, or is grown on farmland that could otherwise be used 
for food production16,17. Technologies that have the potential to fulfil the named 
requirements are hydro-, tidal-, and wind power, geothermal energy, as well as solar 
heat and photovoltaic energy production. Most of these technologies are, though, 
linked to naturally occurring conditions and, hence, not universally available. 
Furthermore, the energy generation is limited by the occurrence and strength of its 
resources, i.e. wind, current, and sunlight. Technology that harvests solar energy offers 
the most potential18. Firstly, the technology and, in turn, the generation of electricity is 
readily utilizable in all four energy consumption sectors (Figure 1A). Secondly, it 
accesses an abundant energy source that is, in principle, universally accessible. The 
annual total amount of energy that the Earth receives from the Sun, approximately 
Figure 1. Total energy consumption of the Federal Republic of Germany in 2017 by 
sectors (A) and by sources (B). Numbers given are taken from the energy data 
provided by the Umweltbundesamt as well as the Bundesministerium für Wirtschaft 
und Energie4,5. 
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3.85×1024 Joule (~1.07×109 TWh)2, could cover the global primary energy 
consumption manifold. There are locations on Earth, i.e. deserts and plateaus, that 
recieve constant and high irradiation intensities. For example, the Longyangxia Dam 
Solar Park on the Tibetan Plateau consists of more than four million solar panels that 
cover about 26 square kilometers and generates up to 850 megawatts of electricity19. 
Furthermore, projects like the International Space Station with its 35 meter (m) long 
solar array wings demonstrate that it possible to power a living environment exclusively 
by solar energy20.  
Compared to other renewable technologies, turning sunlight into electricity by 
illuminating a semiconductor is a relatively novel concept. The foundation was laid by 
Alexandre Edmond Becquerel in 183921. He was the first to discover the photovoltaic 
effect by measuring an electric current when illuminating metal electrodes immersed 
in diluted acid. In the 1870s, Willoughby Smith as well as William Grylls Adams and 
Richard Evans Day observed the photovoltaic effect by illuminating selenium and, 
respectively, a junction between selenium and platinum22,23. Based on their findings, 
the first selenium solar cells with about 1% power conversion efficiency (PCE) were 
created and described by Charles Fritts in 188324. Yet, the breakthrough for a practical 
use of solar cells was achieved by Russell Shoemaker Ohl, who developed the silicon 
p-n junction solar device in 194125. The theoretical background of this phenomenon 
was provided by Albert Einstein’s pioneering work on the photoelectric effect published 
in 190526 for which he received the Nobel Prize in 1921.  
To improve the conversion of solar energy and to enable a diverse scope of application, 
various types of solar technologies were developed and are still hot topics in ongoing 
research. The devices are classified into different generations (Figure 2)22. The first 
generation are thick crystalline silicon wafer solar cells that lead to high efficiencies 
and longevity but are also energy intensive to manufacture, costly, and heavy27,28. In 
order to reduce the production costs by saving material, thin film technology was 
introduced. Here, the active layer is only a few micrometers thick, which, in turn, allows 
for solar cells that are lower in weight, flexible, and can be applied on, for example, a 
window as semi-transparent, photovoltaic glazing material29. Semiconductors used for 
this technology are amorphous silicon, cadmium telluride (CdTe), gallium arsenide 
(GaAs), and copper indium gallium selenide (CIGS)30–33. The efficiencies obtained in 
the laboratory are comparable to traditional silicon solar cells. However, an upscaling 
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towards mass production at competitive prices without a severe loss in efficiency  
proved challenging. Furthermore, some thin film devices consist of rare earth elements 
and toxic materials, rendering them less sustainable.  
The aim for third generation photovoltaic cells is a cost-effective production while 
providing high efficiencies and a vast range of application. This includes shifting from 
inorganic constituents to organic compounds and hybrids that can be processed from 
solution. An additional objective is to overcome the limitation caused by using a single-
junction. Here, the theoretical maximum efficiency of 33% cannot be exceeded 
according to William Shockley and Hans-Joachim Queisser because the majority of 
photons have a lack or an excess of energy compared to the materials band-gap34. 
Third generation solar cells have the potential to surpass this limit owing to their 
architecture and unique properties of their materials. For example, two absorbers 
harvest complementarily the Sun’s light in a co-sensitization approach, or alternatively 
multiple layers can be used in a tandem device (Chapter 4.2.1)35–37. Another example 
are compounds that perform singlet fission, such as pentacene38,39, or semiconductors 
that have “long-lived” hot carriers (Chapter 4.2.2). Representatives of this generation 
are multijunction solar cells40, small molecule solar cells41,42, polymer solar cells also 
known as organic photovoltaics35,43, dye-sensitized solar cells (DSSC)44,45, and 
Figure 2. Solar cell generations with their representing important technologies and 
their record power conversion efficiencies according to NREL if not highlighted 
differently28,42,45,47. 
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perovskite solar cells (PSC)46,47. In order to render one technology commercially 
applicable it has to fulfill three conditions of i) having power conversion efficiencies that 
equal or surpass traditional silicon solar cells, ii) being inexpensive in production, and 
iii) having a long lifespan. To date, every type of third generation solar cells falls short 
on at least one of the three conditions. There is one technology that is considered to 
surpass silicon solar cells, namely lead-based halide perovskite solar cells. As the 
fastest growing photovoltaic technology, it has surpassed power conversion 
efficiencies of any type of dye-sensitized, organic, and conventional thin-film 
technology in the laboratory (Figure 2)28,47,48. The perovskite material consists of 
abundant elements (Chapter 2.1.1) and its manufacture is rather energy efficient. The 
production of highly crystalline layers can be performed under low-temperature, 
solution-based conditions, which allows for large scale manufacturing via ink-jet 
printing49. The major challenges for commercial application of perovskite solar cells 
are its toxicity and long-term stability. Here, environmental factors, such as oxygen and 
a humid atmosphere, are readily resolved by encapsulation50,51 – which also enables 
a controlled and safe handling of the lead-based material. The stability of perovskite is 
also governed by intrinsic factors. It decomposes at temperature as low as 40 °C to 
80 °C52,53 or as a result of ion migration. The latter is mediated by illumination53–55 and 
an applied bias54 (Chapter 4.1), causing the material to degrade under working 
conditions. This was met by tuning of the material’s composition, alkali doping, and 
passivation of grain boundary, which increased both the decomposition and ionic 
diffusion energy barrier48,56–59. The resulting perovskite solar cells are by now stable 
for more than 1000 hours47,57 and, thus, also meet the third condition for 
commercialization.  
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2. Background 
2.1. Perovskite as semiconductor  
The material known as perovskite derives its name from the eponymous crystal 
structure of calcium titanate, which was first discovered by Gustav Rose60 and named 
after the Russian mineralogist Lev Perovski. It has a general chemical formula of ABX3, 
where for lead trihalide based perovskites B is a metal cation (here twofold charged 
lead, Pb2+) and X is a halide (iodide, I-, or bromide, Br-). In the case of inorganic 
perovskite material, A is a monovalent cation (e.g. cesium, Cs+; Figure 3A) or, for 
hybrid organic-inorganic perovskites (HOIP), an isoelectronic organic moiety (e.g. 
methylammonium, MA+, or formadinium, FA+; Figure 3B).  
Although there were several studies on its properties already in the 1980-90s61–70, lead 
trihalide based materials for perovskite solar cells (PSC) and perovskite light-emitting 
diodes (LED) entered the spot-light of world-wide research only 10 years ago. 
Originating from the well-versed field of dye-sensitized solar cells (DSSC)71 and 
benefiting from the extensive research on organic and thin-film technologies, the power 
conversion efficiency of perovskite devices showed the fastest progress of all 
technologies28,72. Within six years, the power conversion efficiency increased from 
3.8% for a perovskite-based DSSC (Miyasaka and colleagues, 2009)71, via 10.9% for 
the first solid DSSC (sDSSC; Miyasaka, Snaith and colleagues, 2012)73, to a PSC of 
19.7% (Park and colleagues, 2015)74. With improving film formation techniques, fine-
Figure 3. Cubic crystal structure of CsPbI3 (A) and MAPbI3 (B) (Pb2+: black sphere;    
I-: purple sphere; methylammonium molecule with cesium: turquoise sphere, carbon: 
brown, nitrogen: light blue, and hydrogen: white) derived from single crystal X-ray 
diffraction by Stoumpos et al.69 and neutron powder diffraction by Whitfield et al.70, 
respectively. 
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tuned composition of the perovskite, as well as attuned hole transporting materials 
(HTM) and electron transporting materials (ETM) power conversion efficiencies 
exceeding 20% are by now published46–48,75,76.  
Perovskite materials owe their leading role in optoelectronics to their various 
exceptional properties:  
(i) Perovskite materials in general, but methylammonium lead triiodide (MAPI) in 
particular, combines a high absorption coefficient (e.g. 1.3 · 105 cm-1 at 
550 nm)77 with a broad absorption spectrum in the visible range77–79. By 
exchanging and/or mixing of the constituents, the band-gap (Chapter 2.1.3), 
and, hence, the absorption onset, can be shifted80. This also allows for the 
fine-tuning of perovskites’ photoluminescence (PL)81–84, enabling emission 
across the whole visible range. Hybrid as well as all-inorganic perovskite 
materials exhibit PL peaks with a line width of 12-42 nanometer (nm) and 
quantum yields of 26% for MAPbI385 or 50-90% for CsPbI383. This has rapidly 
attracted the interest of lighting technologies85–88 with LEDs now reaching 
external quantum efficiencies of over 20%89,90.  
(ii) At room temperature and above, the primary species generated after 
photoexcitation was found to be free charges91–94 while excitons offer a minor 
contribution due to exciton screening95. Consequently, the nature of charge 
carriers within perovskite materials are closer to inorganic semiconductors, 
such as gallium arsenide, than to organic solar cells with Wannier excitons that 
have binding energies below 10 meV95–97.  
(iii) Due to perovskite’s soft crystal structure, hybrid perovskite materials are both 
electronic and ionic conductors. They exhibit charge carrier mobilities of 8-
35 cm² V-1 s-1 91,94,98–100, and diffusion lengths of up to several 
micrometers91,92,99 even in solution-processed films. Ions – i.e. halides and 
even the MA+ cation – migrate within the crystal structure under an applied 
bias voltage64,101–106 and illumination107,108. As a result, doped regions are 
formed within the perovskite layer106,108–110. This has a tuning effect on the 
efficiency of PSCs but also induces a strong photocurrent density voltage (J-V) 
hysteresis109 and reduces long-time stability105. More information on the ion 
migration will be presented in Chapters 2.1.5 and 4.1. 
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(iv) In general, perovskite materials used for PSCs consist of abundant materials 
and highly crystalline layers can be produced under low-temperature, solution-
based conditions – i.e. spin-coating73–75, dip coating111, chemical vapor 
deposition112, and ink-jet printing49. Furthermore, due to its soft structure it can 
be implemented into flexible devices113,114. 
In the following, the properties that are central to this work are elaborated. 
 
2.1.1. Crystal structure and composition 
In order to understand the exceptional properties of perovskite materials, a detailed 
depiction of its crystal structure is given in the following (Figure 4). The high-
temperature (T > 327 K) Pm3̅m cubic structure of MAPI consists of charge 
counterbalancing A cations occupying the 12-fold cavity between octahedra of eight 
corner-sharing iodide atoms, and central interstitial lead atoms. For hybrid perovskites 
such as MAPI and formadinium lead triiodide (FAPI), the organic cation is highly 
disordered. It has wobbling-in-a-cone rotations and randomly changes between 
favored directions, induced by the formation of hydrogen bonds between, preferably, 
the protonated amine and the iodide atoms of the octahedra115–120. In this way, FAPI, 
which has two amino groups, has a higher phase transition temperature and improved 
photostability compared to MAPI121. Inorganic perovskites with their rigid Cs+ cations 
do not feature this plastic crystal character120.   
Figure 4. Orthorhombic, tetragonal, and cubic structure models of MAPI with 
increasing temperature derived from neutron powder diffraction by Whitfield et al.70. 
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Since Weber et al. reported the cubic structure in 197862 for the first time, further 
investigations revealed two phase transitions of MAPI upon cooling, with each lowering 
the structure’s symmetry63,115,118,120,122,123. At room temperature, perovskite transforms 
into the tetragonal phase (I4/mcm) with reduced rotational motion of the organic 
cation115,120. Two-dimensional infrared vibrational anisotropy spectroscopy displayed 
that these reorientations occur on the timescale of 1-10 ps117,124, having a fast 
wobbling-in-a-cone (~ 0.3 ps) motion and with respect to the crystal structure slower 
jump-like reorientation of the molecular dipole (~ 2 ps)119. Because the organic cation 
has a strong rotational degree of freedom in both cubic and tetragonal structures, the 
phase transition from one to the other shows a continuous alternation of its physical 
properties. This becomes apparent as a red-shift of both absorption onset and 
photoluminescence with decreasing temperature98,122,125,126. The second phase 
transition (T < 162 K) to the orthorhombic structure (Pnma) implies a more drastic 
change of properties with MA+ being restricted to rotate around its C-N axis61. 
The rotational dynamic of MA+ is, furthermore, dependent on the [PbX3]- cage. With 
decreasing size of the halide atom, the halide’s reduced polarizability accelerates the 
rotation of the cation despite rising steric hindrance caused by a smaller framework127. 
As for the phase transitions with decreasing temperature, perovskites with mixed 
halide composition show decelerated disordered motion and almost immobilization. 
Selig et al. relate this to the breaking of the symmetry within the perovskite unit cell127, 
which was found to increase the long-time stability of perovskite and, in turn, 
PSCs48,128.   
 
2.1.2. Nanocrystal 
Perovskite nanocrystals (NC), which are with an edge length of 15-50 nm not yet 
affected by quantum confinement, were found to have several improved properties 
compared to their bulk polycrystalline film counterparts. Surfactants used as capping 
agent, such as octylammonium106 or oleylammonium129, enable NCs to have solubility 
in a broader range of solvents83, passivate surface vacancies87, and insulate against 
humidity87,130. As a result, they can form blends with, for example, HTMs129,130 in which 
they act as second photon absorber and/or mediate charge carrier separation         
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(Chapter 4.2.1). The resulting improvement in photoluminescence quantum yield131 
renders perovskite NCs attractive for implementation in lighting technologies87,88.  
 
2.1.3. Electronic structure  
The interaction of the A cation with the [PbX3]- cage is rather electrostatic and structural 
and has only slight influence on the band structure132,133. Exchanging, for example, 
MA+ with the larger FA+ or the smaller and more rigid Cs+ causes an approximately 
0.04 eV decrease or 0.15 eV increase of the band-gap, respectively69. The [PbX3]- 
cage itself, which has a formal electronic configuration of 5d106s26p0 for lead and 5p6 
for iodine, determines the valence (VB) and conduction band (CB) energy levels. In 
this way, the VB maximum consists mainly of the I 5p and partly of the Pb 6s orbitals, 
while the CB minimum is mostly dominated by Pb 6p132. As a result, when going from 
iodide to bromide, the band-gap energy (Eg) increases from 1.59 to 2.64 eV due to a 
rise of the CB.  
One of the many outstanding properties of perovskite is the broad linear absorption 
feature that, for iodide containing materials, spans across the whole visible light range 
(Figure 5A). A strong debate arose on the origin of the shoulder (or secondary onset) 
Figure 5. A) Normalized absorption spectrum of MAPI, with colored arrows illustrating 
the continuous electronic transitions of the VB1 to CB1 going from the R to the M point 
as well as the transition from VB2 to CB1. B) Simplified schematic electronic band 
structure of MAPI with arrows ranging from red (R point), which represents the optical 
band-gap Eg, to green (M point) for allowed photoinduced electronic transitions from 
VB1 to CB1. The partly dipole-allowed electronic transition from VB2 to CB1 is depicted 
with a blue arrow (adapted from density-functional theory calculations presented by 
Even et al.95). 
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at 480 nm (2.58 eV, dark green arrow), assigning it to a high-energy charge-transfer 
band134,135, high-energy transitions between higher/lower electronic bands such as VB2 
→ CB1 or VB1 → CB2136,137. Furthermore, it could include contribution of residual 
lead(II) iodide (PbI2) with a band-gap onset at 510 nm135,138. Another cause for the 
absorption feature at 480 nm was elucidated by density functional theory that also 
takes the spin-orbit coupling into consideration95,139. Spin-orbit coupling, caused by the 
heavy nature of perovskite’s lead and iodine ions, induces a splitting of the CB with a 
lowered CB minimum. Even et al. reported on MAPI’s high symmetry points in the 
reciprocal space of the Brillouin Zone (Figure 5B) and showed the connections 
between R and M points and their correlation to the primary (red arrow) and secondary 
(dark green arrow) absorption onset95. Hereby, the photogeneration of charge carriers 
across the broad range of visible light can be explained, which causes the favorable 
absorption continuum (colored arrows) for photon energies above Eg. Subsequently, 
photogenerated “hot” electrons and holes at the M point relax towards the R point via 
phonon vibration (Chapter 2.1.4). In addition, high-energy optical transitions exist 
between higher/lower electronic bands at the R point for the correct symmetry. Yet, the 
features of VB1 → CB1 at the M point (480 nm) and VB2 → CB1 at the R point (460 nm) 
are not well defined due to their close energetic proximity. Figure 5 shows the 
schematic electronic band structure (based on calculations of Even et al.95) correlated 
to the linear absorption feature of MAPI; red (blue) and green arrows represent the 
transitions between VB1 (VB2) and CB at R and M points in the Brillouin Zone, 
respectively.  
The debate on the excitonic contribution to the primary onset was, meanwhile, solved 
unanimously. At temperatures above 160-200 K, and, hence, also upon working 
conditions, the primary photogenerated species present in perovskite are free charge 
carriers91–94. Only upon cooling, an exciton feature appears at the primary onset of the 
absorption around 730 nm68,95,98 and sharpens after phase transition98. The excitonic 
nature of the characteristic is corroborated by a change of the dielectric screening 
(εeff<159 K = 11, εeff>212 K = 20)95 and a rise of the binding energy from 10 meV at room 
temperature95–97 to 37-50 meV68,140,141 at temperatures below 162 K.  
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2.1.4. Polarons and phonons 
Although the excitonic contribution can be neglected for PSCs working under ambient 
conditions, perovskite’s photogenerated free charge carriers easily form large polarons 
that even dominate at higher temperatures (≥ 290 K). In ionic solids, electrons and 
holes have a strong interaction with their adjacent charged atoms, causing a 
polarization and, thus, displacement of the lattice which affects more than one 
surrounding plane for large polarons (Figure 6A)142. This screens the charge of the 
electron/hole. The charge carriers self-trap into localized states, i.e. polarons, which 
increases their effective mass and reduces their mobility. In this way, perovskite has, 
compared to other semiconductors143,144, rather moderate charge carrier mobilities. 
The out-of-equilibrium motion of the framework is known as phonons. As temperature-
dependent propagations of the atoms within the crystal structure, they are 
differentiated by acoustic (A) and optical (O) phonons with the modi transversal (T) and 
longitudinal (L) (Figure 6B). Acoustic phonons follow a coherent movement and are 
low temperature vibrations, which is a topic beyond the scope of this work. Optical 
phonons are out-of-phase movements, where the electric field of the light induces a 
dynamic dipole moment within the crystal structure by accelerating the ions with 
opposite charge in different directions.  
Right after photoexcitation of perovskite, which is a highly anharmonic system, hot 
charge carriers thermalize via sub-picosecond (ps) elastic carrier-carrier scattering and 
inelastic carrier-longitudinal optical (LO) phonon coupling, otherwise known as Fröhlich 
interactions. Usually, hot carriers decay within 1 ps via subsequent LO phonon 
emission towards lower lying LO phonon states until the band edge is reached. The 
full cooling mechanism is not entirely understood yet, but so far reduced phonon-
phonon interaction145 and screening of the Coulomb potential (polaron-protection) 
were found to slow down the cooling process to 10 ps96,146. Simulations of these hot 
electronic states found an asymmetric behavior for the thermalization of holes and 
electrons, which was furthermore corroborated by the following observations; the 
longer living species with 1-5 ps are the hot electrons, while hot holes thermalize within 
0.1-0.5 ps147,148. This stronger coupling in the VB is correlated to its high density of 
states, as it is mainly influenced by iodide 5p orbitals. In comparison, the CB is primarily 
composed of lead 6p orbitals, which is less available due to the 1:3 stoichiometry of 
the perovskite composition. By increasing the carrier density through high illumination 
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intensities,  hot electrons reach lifetimes of 30 ps due to the hot-phonon bottleneck 
effect and Auger heating96. Possible LO phonon modi were calculated by Druzbicki et 
al. and Park et al. of which three are shown in Figure 6C116,142. 
The exceptional slow phonon cooling property is mediated by the electron-phonon 
coupling, which is caused by the displacement of the lead and iodide ions. Although 
the scientific community agrees on the importance of the dynamic interconnection 
between the inorganic I-Pb-I framework and the organic cation (Chapter 2.1.1) 
142,146,148–150, the opinions differ on whether it reinforces or dampens the cooling. Zhu 
et al. described, that in, for example, MAPI, the adjacent MA+ cations reorientate, 
which, in turn, deforms and bends the [PbI3]- framework146,149,150. Figure 6A depicts 
MA+ cations’ dipole moments pointing with the amine (arrowhead) towards the Pb2+ 
center142. In inorganic perovskite no polaron-protection was observed as the dynamic 
Figure 6. A) Schematic cross section of the MAPI structure (black lines representing 
lead-iodide bonds, green arrows the MA+ cation with head as amine) without charge 
carriers (green), as well as with a negative (red) and a positive (blue) polaron, which 
deform their surrounding [PbI3]- cage. B) Simplified representation of phonon vibrations 
with combinations of longitudinal (L), transversal (T), acoustic (A), and optical (O) modi. 
C) Possible phonon vibrations of the crystal structure with orange displacement arrows 
as calculated by Druzbicki et al. and Park et al.116,142. 
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interaction between the Cs+ cation and the [PbI3]- framework is non-existant146. Medjet 
et al., however, found evidence that the motion of the dipole enhances electron-phonon 
coupling and, thus, shortens the hot carriers’ lifetime compared to inorganic perovskite 
at low-temperature148. 
In conventional semiconductor solar cells, the excess energy of hot charge carriers is 
lost to heat. Due to reduced thermalization, perovskite is a potential candidate for hot 
carrier solar cells (Chapter 4.2.2). Unfortunately, this also introduces new 
recombination pathways, when hot electrons are transferred into HTMs with an lowest 
unoccupied molecular orbital (LUMO) level that is close to the perovskite CB (Chapter 
4.2.3). 
 
2.1.5. Ion diffusion 
The soft crystal structure enables perovskites to be both an electric semiconductor and 
an ionic conductor. Interestingly, the migration can not only be observed in thin films 
and crystals of perovskite material by applying an external bias voltage64,101–106, but 
already under illumination107,108. With perovskite’s ionic bonds being rather weak151, it 
is prone to high defect densities, meaning ions easily leave their lattice site, creating 
vacancies and become interstitial (Figure 7, blue arrow). At first, it was considered that 
the ionic diffusion originates entirely from halide anions (VI) and organic cation 
vacancies (VMA) (Schottky defects), whose diffusion activation energies were 
computationally determined to be 0.26-0.50 and 0.55-0.89 eV103,105,151,152 for VI and 
VMA, respectively. The scheme in Figure 7 shows the preferred diffusion pathways 
through the bulk according to these calculations: halide vacancies move along the 
edges of the [PbX6]4- octahedrons (red), while VMA progresses along the MA-I plane 
(orange). Further calculations have shown that interstitial I- and MA+ (Frenkel defects) 
have very similar, even marginally lower diffusion activation energies compared to their 
corresponding vacancies152 and propagate too153. At grain boundaries of 
polycrystalline films, where ionic bonds are weakened, ion diffusion is enhanced and, 
additionally, opens a direct path towards the HTM and ETM layers154. This transport 
process was effectively reduced by thermal- and solvent-annealing processes that 
cause larger grains110,154–156 and inhibited by passivation using, for example, 
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[6,6]-phenyl-C61-butyric acid methyl ester (PCBM)154,157 or PbI2138. Based on an 
activation energy of 2.3 eV for the translation of the lead cation103,151, a rather immobile 
Pb2+ sublattice is assumed.  
It is important to understanding the ion movement, because several phenomena result 
from it as summarized in Figure 7. Most prominent and most researched is the scan-
rate and scan-direction dependent J-V hysteresis109,157–160, where a tuning effect of the 
ion diffusion can be observed. As a result, compared to PSC measurements with 
reduced hysteresis, improved light-harvesting efficiencies can be achieved in reversed 
scan direction (from VOC to 0 V), however, forward scan direction shows lower 
efficiencies. The hysteresis was greatly hampered by the aforementioned passivation 
procedures, as well as, by redistributing and accumulating ions at the contacts before 
solar cell characterization using light-soaking161,162 and pre-poling163,164. As a side 
note, other sources of the hysteresis were speculated to be charge trapping processes 
or ferroelectricity; both of which were found to be, in fact, consequences of the ion 
diffusion157,165,166. Furthermore, electrochemical impedance spectroscopy 
measurements show a large capacitance in PSCs under illumination167, which can also 
be related to ionic transport within the perovskite film.  
If an electric field is applied, the ions accumulate in electrical double layers (EDL) at 
the ETM and HTM layers. This was directly observed using optical and photothermal 
Figure 7. Scheme of the migration of halide vacancies along the edges of the [PbX6]4- 
octahedra (red) and organic vacancies in the plane (orange), as well as reasons for 
defect formation (blue arrow) and migration (left) as well as consequent phenomena 
(right) and their impact (bottom). 
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induced resonance microscopy102,104. The perovskite film self-dopes, causing a n-type 
region containing positive charged ions (MA+) and vacancies (VI) as well as a p-type 
region with negative ions (I-) and vacancies (VMA). As a result, a p-i-n junction is formed 
and was found to be switchable by reversed poling106,108–110. This mechanism is 
comparable to the modus operandi of a light emitting electrochemical cell (LEC). Here, 
HTM and ETM layers used in LEDs for better and more balanced charge injection are 
replaced by a ionic-based and, thus, self-doping active layer168–170. Using this well-
known and studied concept171–173, the p-i-n formation within pristine perovskite 
materials can be directly observed (Chapter 4.1). In general, ion diffusion causes 
natural instability of the perovskite lattice, which constrains long-time application of 
PSCs105. Surprisingly, to some extent the perovskite lattice was observed to 
regenerate when stored in the dark54,55,106,174. 
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2.2. Perovskite solar cell  
2.2.1. Device architecture 
Generally, PSCs have two device architectures: the sDSSC (also mesoscopic PSC) 
and the thin-film architectures (also planar PSC). Both designs can be applied to a 
n-type setup, where holes and electrons are collected through the metal anode and 
conductive glass cathode, respectively. In a p-type setup the charge carrier movement 
flows vice versa.  
The standard structure of a sDSSC is composed of five constituents Figure 8A:  
(i) The incident light is passing through a glass slide (blue) coated with a highly 
transparent conducting oxide (TCO, grey), for which usually fluorine-doped tin 
oxide (FTO) or indium-doped tin oxide (ITO) is used. In the case of flexible 
solar cells, the rigid glass substrate is replaced by polyesters such as 
polyethylene naphthalate (PEN)114.  
Figure 8. Schematic depiction of the two most common n-type device architectures for 
PSCs: sDSSC (A) and thin-film (B) setup. C) Energy level diagram of compounds used 
in this work divided by ETMs, perovskite materials, and HTMs. 
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(ii) The TCO substrate is coated with a 30-50 nm compact film and a, subsequent, 
150-400 nm mesoporous layer of a wide band-gap semiconductor (green). 
Here, the materials used for n-type PSCs are typically titanium dioxide 
(TiO2)48,73,156,158,175, tin dioxide176, zinc oxide177,178, or fullerene dervatives179–
181 and for p-type PSCs nickel(II) oxide182.  
(iii) On top, the perovskite (brown) is deposited. It acts as a dye, meaning it injects 
the photogenerated electrons into the n-type semiconductor and is 
“regenerated” by transferring its holes into the HTM. A thick (> 300 nm) 
perovskite capping layer is beneficial to the solar cell efficiency, as it prevents 
recombination between the electrons in the ETM and the holes in the 
HTM46,183. 
(iv) The break-through for PSCs occurred, when the liquid iodine-based redox 
mediator was replaced by the solid HTM (red) 2,2′,7,7′‐tetrakis‐
(diphenylamino)‐9,9′‐spirobifluorene (spiro-OMeTAD, Figure 9)73. Although it 
requires doping to enable good hole transporting mobilities184–187, it is one of 
the best-performing and most employed HTM48. Several other materials were 
tested including polymers such as poly(3-hexylthiophene-2,5-diyl) (P3HT), 
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-
fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7), 
diketopyrrolopyrrole–quinquethiophene (pDPP5T-2), and poly[2,6-(4,4-bis-(2-
ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-
benzothiadiazole)] (PCPDTBT)47,188–190 (Figure 9), small molecules like 
fluorene-dithiophene175, and, for example, copper(I) iodide191 and copper(I) 
thiocyanate192 as inorganic materials. 
(v) The cell is finalized by applying a 70 nm film of gold (Au) or aluminum (Al) as 
back electrode (yellow). 
From the sDSSC architecture derives the meso-superstructured architecture that uses 
a mesoporous layer of insulating aluminum oxide as a substitute for TiO273. Instead of 
injecting the electrons into the scaffold layer, they are carried through perovskite, which 
is a better transporting material (~ 35 cm² V-1 s-1)98 compared to mesoporous TiO2 (0.1-
1 cm² V-1 s-1)193, before they are collected at the compact layer. Despite the benefit of 
hampering charge carrier recombination by TiO2194,195, having the charge carriers 
move though perovskite itself reduces not only the collection time, but also improves 
the VOC73,183. The latter is a result of the mesoporous TiO2 film being a macroscopic 
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chemical capacitor, where a trail of the density of states extends into the band-gap 
and, under illumination, can be filled with electrons196. The consequential quasi-Fermi 
level for electrons (EFn) is lower than the CB for any given charge density, which, with 
a rising EFp, also applies to HTMs, and can be inhibited by using highly crystalline 
semiconductors197 (Chapter 4.2.2).   
Alternatively, trapped electrons within TiO2 can be avoided by a light harvesting 
material that also acts as formidable semiconductor, such as perovskite. This approach 
resulted in the implementation of the thin-film architecture (Figure 8B) that has only a 
thin compact film but neither a mesoporous nor a scaffold layer 180,198,199. This planar 
structure enables low-temperature fabrication or flexible devices200–202 and can, 
additionally, be used for lighting technologies87,88. The p-type configuration of the 
Figure 9. Structural formulae of ETM PCBM as well as HTMs pDPP5T-2, PCPDTBT, 
PEDOT:PSS, P3HT, PTB7, and spiro-OMeTAD, which were used in this work. 
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planar PSC is also known as inverted-planar PSC and is the third most common 
architecture. Here, poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS)201 or poly(triaryl)amine (PTAA)179 are implemented as HTMs and PCBM 
is used as ETM.  
2.2.2. Working principle 
The working principle of a n-type mesoscopic PSC is summarized in the schematic 
representation given in Figure 10. After excitation (1) with either long- (blue arrow) or 
short-wavelength (purple arrow) light, several processes take place at the 
HTM/perovskite and ETM/perovskite interfaces (Figure 10A and B) as well as within 
perovskite’s bulk (Figure 10C). Green arrows indicate the favorable flow of charge 
carriers that leads to the generation of electricity (Figure 10A). However, several 
undesired recombination pathways lower the overall efficiency, which are indicated by 
in red arrows (Figure 10B). 
After ultrafast free charge carrier generation, electrons and holes with excess energy 
thermalize (2) within 1-10 and 0.1-0.5 ps147,148, respectively (Chapter 2.1.4). By using 
a crystalline material with a large interface, as it is presented in Chapter 4.2.2, hot 
electrons are partly harvested (3) before thermalization179. In general, the timescale for 
the charge carrier injection process of electrons into the ETM (3) or holes into the HTM 
(4) is under heavy debate. The temporal range for electron transfer into TiO2 stretches 
from between 0.2203 to 400 ps136,194. The injection of holes into HTMs were reported to 
be 0.7203,204 or 660 ps136 for spiro-OMeTAD, to even several ns for P3HT205. Chapters 
4.2.2 and 4.2.3 of the work at hand address the kinetics and mechanism of charge 
carrier transport within PSC and corroborate sub-picosecond injection. Subsequently, 
it takes several milliseconds (ms)194 for electrons and holes to diffuse though the 
respective layers, before they are collected at the electrodes (5).  
The efficient collection of photogenerated charge carriers at the electrodes is hindered 
by loss processes. For instance, the electrons in the ETM’s CB can recombine with the 
holes in the perovskite’s VB (6) – either from the bulk (~ 100 microsecond, µs)183,195 or 
via charge traps within the mesoporous layer (~ 1 µs)206. The analogous recombination 
process occurs at the perovskite/HTM interface, where electrons of the perovskite’s 
CB recombine with injected holes within the HTM’s VB (7, ns-µs)189. Recombination 
between electrons in the ETM and holes in the HTM is avoided by using a perovskite 
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capping film with a sufficient thickness183. In the work at hand, we report on further loss 
pathways related to hot electrons (Chapters 4.2.2 and 4.2.3). Here, already injected 
hot electrons back-transfer within the ETM into the perovskite’s CB within the first 10 ps 
(8). Furthermore, by using an HTM with a low LUMO such as PCPDTBT, the power 
conversion efficiency is reduced by a loss transfer that originates from hot electron 
injection into the HTM (9).  
Not all of perovskite’s electrons (holes) are injected into TiO2 (HTM)189,207, and the 
remaining electrons either diffuse though the perovskite film towards the electrode, like 
in a meso-superstructured architecture, or recombine. In polycrystalline perovskite 
films with many grain boundaries, trapped charge carriers exhibit a lifetime of up to 
Figure 10. Schematic representation of charge carrier pathways at the ETM/perovskite 
and perovskite/HTM interface with favorable processes that lead to power conversion 
(A) and undesired recombination processes that lower the overall efficiency (B).           
C) Schematic representation of processes taking place within perovskite’s bulk. 
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milliseconds (10)208. During the first picoseconds after excitation, moving charge 
carriers self-trap within the deformation of the crystal structure resulting in the formation 
of large polarons149 (Chapter 2.1.4). These polarons are the reason for perovskite’s 
nearly microsecond long-lived charge carriers (11) and are favored at higher 
temperatures (≥ 290 K)150. Upon cooling, the ratio between large polarons and free 
charge carriers shifts towards the latter and, in turn, radiant bi-exponential 
recombination as seen in increasing PL intensities becomes the dominant 
recombination process (12, 100-500 nanoseconds)150,189. Using high illumination 
intensities, e.g. high laser fluences in fs-TAS measurements, the large carrier density 
induces Auger heating, which decelerates energy loss by phonon-emission (13, 
30 ps)96. 
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3. Instruments and methods 
Two major measurement techniques were used to elucidate the fundamental 
processes within perovskite devices. Firstly, ion diffusion was investigated using static 
and dynamic electrochemical impedance spectroscopy (EIS). Secondly, femto-second 
transient absorption spectroscopy (fs-TAS) was employed to observe short-lived 
species. This provided information on carrier generation and recombination processes. 
The results of the model system used for fs-TAS were then related to the figure-of-
merits obtained by J-V characteristics performed by collaborators.  
 
3.1. Electrochemical impedance spectroscopy 
The overall efficiency of a solar cell is dependent on charge carrier transfer and 
transport processes between and within its components. These are examined by EIS 
through investigating the resistance (R) and capability to store electrons within a 
component or across an interface as well as dynamics of chemical reactions at a 
surface209–211. The frequency-based approach of EIS, furthermore, allows a 
differentiation between electronic charge carrier transport processes, intrinsic ionic 
motion within a mixed electronic-ionic conductor, and diffusion controlled reactions.  
In potentiostatic EIS, a sinusoidal alternating voltage (Vac) is applied to an 
electrochemical cell and the response of the investigated system is measured in an 
alternating current (AC) signal (Iac). In order to allow a linear response that only impacts 
the phase and not the magnitude of the applied signal, a small amplitude perturbation 
of a few millivolt is used. By varying the frequency (f), different processes resonantly 
react to the oscillating voltage according to the species’ diffusion rate. In this way, the 
impedance (Z), the resistance and reactance by means of magnitude and phase angle 
(φ) shift, is recorded according to  
𝑍 =
𝑉𝐴𝐶 sin(𝜔𝑡)
𝐼𝐴𝐶 sin(𝜔𝑡 + 𝜑)
 (1) 
where ω = 2πf is the angular frequency. 
This can be expressed in a Cartesian form (Equation 1) by applying Euler’s 
relationship, where Z is composed of a “real” in-phase (Z’) and an “imaginary” out-of-
phase part (Z’’). 
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𝑍 = |𝑍|𝑒𝑖𝜑 = 𝑍′ − 𝑖𝑍′′ (2) 
with i being the imaginary unit.  
The current response is a mixed contribution of three electric circuit elements. For an 
ideal resistor that follows Ohm’s law the electrical current is directly proportional to the 
applied voltage (Equation 3) with its resistance being independent of the current 
intensity, direction, and whether a direct (DC) or alternating current is used. The 
response is always in phase and, thus, it represents the real impedance Z’. 
𝑉 = 𝑅 × 𝐼 (3) 
The second element is the ideal capacitor that stores electrical energy within an electric 
field. The current response is out-of-phase by 90° compared to the applied AC voltage 
and it, hence, represents the imaginary impedance Z’’. A capacitance (C) is recorded 
when two highly conductive layers, e.g. electrodes, at a distance d and the geometric 
area Ag sandwich a non-conducting (dielectric) medium. C is then described by 
𝐶 =
𝜀0𝜀𝑅𝐴𝑔
𝑑
 (4) 
where ε0 and εR are the permittivity in vacuum (8.85 x 10-12 Faraday m-1) and in the 
dielectric medium.  
While the corresponding current in a capacitor is leading compared to an in-phase 
response, the current influenced by the third element, the inductor, is lagging. Hence, 
a capacitor and an inductor have phase angles with opposite sign.  
In Chapter 4.1, the formation of electrical double layers is investigated by EIS assays. 
Double layers are imperfect capacitors due to a non-uniform current distribution 
caused by surface and/or bulk heterogeneities173,212. In this case, the capacitance is 
replaced by the constant phase element (CPE) with an impedance described by 
Equation 5.  
𝑍𝐶𝑃𝐸 =
1
𝑄(𝑖𝜔)𝑛
 (5) 
Although Q cannot be directly associated to any physical value, it depends on n; Q is 
a pure capacitor for n = 1 or a pure resistor for n = 0. For any value in between, the 
effective capacitance (Ceff) is derived by Equation 6212. 
𝐶𝑒𝑓𝑓 = 𝑄
1/𝑛𝑅(1−𝑛)/𝑛 (6) 
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The EIS data is usually presented in a Nyquist plot, where the imaginary Z’’ is given as 
function of the real Z’ (Figure 11A) and the impedance is described as a vector with 
the length |Z| and the angle φ. The Nyquist plot of a device features typically the same 
number of semicircles as frequency-resonant interfaces are present in the device. In 
the fitting model, each semicircle is correlated to a pair of parallelly connected 
resistance and capacitance elements. To depict the frequency-dependence of |Z| and 
φ, Bode modulus and Bode phase plots (Figure 11B) are used, respectively.  
For mixed electronic-ionic conductive systems such as the active layer of a light-
emitting electrochemical cell or a hybrid perovskite material, EIS is used to investigate 
the changes of the conductance and capacitance upon applying a bias171,172,213. This 
behavior is related to the ionic diffusion induced by the external electric field, which 
causes the formation of electrical double layers (EDLs) and doped regions. 
Consequently, the medium becomes more conductive or, as it is the case for LECs, 
the ion accumulation leads to balanced charge injection171–173. EIS on hybrid and 
inorganic perovskites were measured in two types of experiments. In static EIS, the 
impedance is obtained at different applied voltage values. Here, two different behaviors 
are expected when measuring below – where only EDL formation is present – and 
above the band-gap, where, additionally, p- and n-type doping occurs. In dynamic EIS, 
a constant voltage is applied and, subsequently, the impedance is measured at given 
time intervals. In this way, the changes caused by the ionic diffusion within the 
observed material are recorded over time. The models used for data fitting in this work 
are given in Figure 11D with the part in black being used for static and the full model 
used in dynamic EIS assays. The circuit elements incorporated in the model are i) a 
series resistor (Rs) that includes the resistance values of the ITO, the cables, and 
clamps used for contacting the device, ii) the electrical (Re) and ionic resistance (Ri), 
iii) the CPE of the active layer (CPEgeo) and the sum of both EDLs (CPEEDL), as well 
as iv) the inductance caused by the cables (Lcab). The conductance (G) and 
capacitance at a given frequency can be determined by 
1
𝑍
= 𝐺(𝜔) + 𝑖𝜔𝐶(𝜔) (7) 
By plotting G and C as a function of the frequency (Figure 11C) the effects of the ionic 
diffusion over an increased voltage or over time are monitored in detail. At an oscillating 
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voltage around 0 V, the conductance according to RS is seen as a plateau in the high  
frequency region, while the plateau at lower frequencies represents the conductance 
of the pristine active layer (GAL). Upon applying a voltage, GAL increases due to the 
formation of EDLs and/or doped regions. Cgeo relates to the geometric capacitance of 
the active layer, while the capacitance of the EDLs (CEDL) is derived at very low 
frequencies. Due to instability effects for frequencies below 100 Hz, a complete picture 
of the ionic diffusion is not given.  
 
3.2. Femto-second transient absorption spectroscopy 
Femto-second transient absorption spectroscopy (fs-TAS) is a technique to 
characterize photoinduced transient processes. Here, emissive as well as non-
emissive states of photoexcited molecules in solution or in solid state are studied214,215. 
Figure 11. Exemplary Nyquist plot (A) and Bode phase (B) of a hybrid perovskite at 
an applied voltage of 1.5 V with highlighted series (Rs) and electrical resistance (Re), 
phase angle φ as well as inductive contribution of the cables, Lcab. C) The conductance 
and capacitance of MAPbBr3 at an applied voltage of 0 V is given as a function of 
frequency with assigned contributions. D) Circuit model used for fitting of the static 
(black) and dynamic (black and dark orange) EIS assays. 
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The obtained differential absorption spectra provide information on the mechanisms 
following photoexcitation with a sub-picosecond resolution. These include, in general, 
conformational changes, solvation effects, chemical reactions, as well as energy and 
charge carrier transfer/separation processes. For efficient harvesting of the absorbed 
energy in a solar cell, charge carrier transfer processes, in particular, have to be fast 
in order to compete with loss pathways such as internal conversion, intersystem 
crossing, and fluorescence.  
The measuring principle of fs-TAS is based on two laser pulses with a pulse width of 
about 150 fs. The pump pulse with an excitation wavelength of λexc promotes a fraction 
(typically 0.1-10%) of the molecules to an electronically excited state according to the 
Frank-Condon principle. A weak white probe pulse measures the ground state 
absorption reference spectrum as well as the excited sample with a delay time in 
respect to the pump pulse in a range spanning from 400 – 780 (visible range) and 
780 – 1400 nm (near infrared, NIR, range). For the reference spectrum, a chopper 
blocks every second excitation pulse. The attenuation in the transmission is given as 
the difference in the optical density (ΔO.D.), Equation 8, which is derived by subtracting 
the absorption spectrum (Equation 9) of the ground state (Iu) from the absorption 
spectrum of the excited sample (Ip). The absorption of the specimen is derived by 
measuring the initial light intensity (I0) and the light intensity after passing through the 
sample (I). 
∆𝑂. 𝐷. (𝜏) = −𝑙𝑔 (
𝐼𝑝(𝜏)
𝐼𝑢
) (8) 
𝑂. 𝐷. = − lg(𝑇) = −𝑙𝑔 (
𝐼
𝐼0
) (9) 
By changing the delay time between excitation and probing from 200 fs to 7 ns, the 
differential absorption profile assays are arranged in a (m × n) matrix data set, where 
the rows (m) and columns (n) are given by the probed wavelengths and the delay time, 
respectively.  
The features are generally visible in a differential absorption spectrum and represented 
in Figure 12: 
(i) Ground state bleaching (GSB): Upon excitation, a fraction of the molecules 
is promoted to the excited state leaving fewer molecules in the ground state. 
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Thus, the ground state absorption in the excited sample is lower compared 
to the reference spectrum. This leads to a negative signal in the differential 
absorption spectrum within the wavelength region of the ground state 
absorption, also known as ground state bleaching. 
(ii) Stimulated emission (SE): Using a pump pulse with enough energy, its 
photon induces emission of a photon from the excited molecule, which 
consequently falls back into the ground state. As the emitted photon has the 
same direction as the photon of the excitation pulse, the light intensity 
perceived by the detector is increased and a negative signal is obtained in 
the differential absorption spectrum. This process cannot be initiated by the 
weak probe pulse and only occurs for optically allowed transitions. Hence, 
the spectral profile of the SE follows the fluorescence spectrum of the excited 
molecule and is Stokes shifted with respect to the GSB.  
(iii) Excited-state absorption (ESA): When the excited molecule absorbs 
additional photons provided from Ip, it is promoted to a higher excited state. 
As the states are populated in excited molecules but not in molecules in their 
ground state the feature in the differential absorption spectrum is positive.  
(iv) Photoinduced absorption (PIA): The charge carriers within the excited 
molecule can participate in transitions that result in transient or longer lived 
states, such as charge separated, triplet excited, and isomerized states, as 
well as products after a photochemical process. The PIA in the differential 
Figure 12. Exemplary differential absorption spectra after a delay time of 0.5 ps (black) 
with contributions of the GSB (blue), the SE (green), and in the NIR of the ESA, as 
well as after a delay time of 6000 ps (grey) with a formed feature between 500 and 
700 nm related to the PIA, here triplet excited state. 
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absorption spectrum is positive, as the state is not populated in the 
molecule’s ground state.  
 
A typical differential absorption spectrum of perovskite after a delay time of 1 ps is 
shown in Figure 13A. Highlighted features represent the processes presented in Figure 
13B. Two GSB signals are located at 760 and 460 nm, and reflect the two onsets seen 
in the steady state absorption spectra. Flender et al. performed ultrafast fs-TAS studies 
that recorded differential absorption spectra at shorter delay times than 20 fs216. Here, 
GSB dominates the whole visible range mirror-imaging the steady-state absorption. 
The feature at 760 nm (3, red) represents the band-gap transition VB1 → CB1 and due 
to hot carrier distribution extends asymmetrically towards shorter wavelengths96,217. 
Figure 13. A) Differential absorption spectrum after a delay time of 1 ps with 
characteristic features of MAPI upon excitation with 460 nm. Highlighted features 
relate to the schematic depiction of processes (B) investigated in the work at hand.    
C) Differential absorption spectra after a delay time of 1 ps upon excitation with 460 
(solid blue) and 695 nm (solid red) as well as normalized steady state absorption 
(dashed black) and emission (dashed grey) as reference. D) Schematic representation 
of the band-gap renormalization and Burstein-Moss effects on the band-gap upon 
increasing carrier density with their impact highlighted in (C). 
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The GSB at 460 nm (1, blue) is still heavily debated on and has most likely 
contributions of two transitions at 480 and 460 nm related to VB2 → CB1 at the R point 
and VB1 → CB1 at the M point in the Brillouin Zone, respectively (Chapter 2.1.3)95.  
According to Flender et al. and Price et al., after 20 fs, a PIA signal emerges between 
500 and 650 nm (2) as a result of carrier-induced changes of the refractive index216,217. 
Intraband ESA is visible as a short-lived (~ 6 ps) PIA signal (5) in the NIR with a 
maximum at 930 nm218,219. Upon using a pump pulse with a high laser fluence, LO 
phonon emission provokes a transition of an electron from an energetically lower to an 
energetically higher vibration state (VS). This intra subband ESA can be investigated 
as ultrashort-lived (~ 1.5 ps) PIA signal at 780 nm (4, green)217,220. For MAPI, the 
emission maximum peaks at 778 nm (Figure 13C, grey dashed line) and, hence, the 
SE is partly superimposed by the hot carrier PIA as well as by the output (775 nm) of 
the titanium-sapphire laser. 
Exciting a semiconductor with excess energy generates a high charge carrier density, 
which dopes the semiconductor itself. Consequently, many-body and state-filling 
effects influence the dynamics of the charge carriers leading to a red- and blue-shift of 
the GSB minimum in differential absorption spectra, respectively (Figure 13C and 
D)217,221. For high charge carrier concentrations in solid states, the Pauli principle 
prohibits two electrons with identical spins to occupy the same unit cell, while 
Coulombic interactions maximize the spacial distance between carriers with identical 
charge. The repulsive electrons and holes create sub-band-gap states, which lower 
the CB and increases the VB, respectively. This so-called band-gap renormalization, 
in turn, decreases the band-gap energy and causes a red-shift in the GSB minimum 
(Figure 13C and D, red) compared to its absorption onset96. Upon increasing the 
excitation energy further, density of states available for occupation are filled and 
charge carriers are transitioned from/into energetically higher VSs. This band filling 
model, also known as Burstein-Moss effect, blue shifts the GSB minimum (Figure 13C 
and D, blue)137. Both band-gap normalization and Burstein-Moss effect usually cancel 
out each other. 
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3.2.1. Multi-wavelength target analysis 
For more complex systems, such as solar cells, a multi-wavelength analysis that fits 
specific wavelengths multi-exponentially is insufficient to derive lifetimes and rates. 
Instead, the fs-TAS data set collected in a matrix correlated to the probed wavelengths 
and the delay time can be analyzed and fitted using statistical analysis packages and 
methodologies. For sequential deactivation processes, global analysis evaluates the 
data matrix by a set of exponential functions and provides a species associated 
spectrum as well as its corresponding lifetime τi for each transient state according to  
∆𝑂. 𝐷. (𝜆, 𝜏) = ∑ 𝐴𝑖(𝜆) × 𝑒
−𝑡
𝜏𝑖
𝑖
 
(10) 
where Ai (λ) is the amplitude to describe the decay associated spectrum.   
Yet, this requires states to be parallelly or sequentially accessible. At interfaces of solar 
cell components, charge carrier transfer processes are more complex and require a 
more sophisticated model. Here, multiple component excitation, branching injection, 
back-transfer, and different recombination pathways can be considered in a target 
analysis222. By applying the knowledge gained from preliminary characterization – i.e. 
steady-state absorption and emission, spectroelectrochemistry, triplet-sensitization as 
well as time-resolved spectroscopy, a deactivation model is established and further 
elaborated in the interpretation process.  
 
3.3. Current density voltage characteristics 
The power conversion efficiency (PCE) of a solar cell and its figure-of-merits is 
evaluated from J-V characteristics as follows223. For this, the voltage is steadily 
scanned while recording the current response (Figure 14A). Under open circuit 
conditions, when no current is flowing, the maximal photovoltage VOC is reached. At 
short circuit, i.e. 0 V, the highest obtainable photocurrent density JSC is obtained. The 
power (P) of the solar cell at any voltage value is calculated by 
𝑃 = 𝐽 ∗ 𝑉 (11) 
The fill factor (FF) provides information on the quality of the solar cell. When having a 
high shunt and a low series resistance, the fill factor is high and approaches optimum 
device conditions. It is obtained by 
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𝐹𝐹 =
𝐽𝑀𝑃𝑃 × 𝑉𝑀𝑃𝑃
𝐽𝑆𝐶 × 𝑉𝑂𝐶
 (12) 
where JMPP and VMPP are the current density and voltage at the maximum power point 
(MPP). 
The power conversion efficiency (PCE, η) of a solar cell is defined as: 
𝜂 =  
𝑃𝑀𝑃𝑃
𝑃𝑙𝑖𝑔ℎ𝑡
 (13) 
with PMPP being the maximal obtained power by the solar cell and Plight the radiant 
power of the light source. For universal test conditions Plight was set as 1000 W m-2 and 
a standardized solar spectrum that considers sunlight absorption by the Earth’s air 
mass at a solar zenith angle of 48.2°. Hence, the PCE can also be determined by 
𝜂 = 𝐽𝑆𝐶 × 𝑉𝑂𝐶 × 𝐹𝐹 (14) 
For devices with polarizable material, such us perovskite-based solar cells, hysteresis 
can occur in the J-V characteristics (Figure 14B). The figure-of-merits are, hence, given 
for both forward (from 0 V to VOC) and reversed scan direction (from VOC to 0 V)158. 
 
Figure 14. A) Exemplary J-V characteristics (black) including JSC and VOC (red) and 
JMPP and VMPP (grey) as well as the respective areas for calculating the FF. B) 
Exemplary J-V characteristics with hysteresis upon measuring in forward (blue, from 
0 V to VOC) and reversed scan direction (black, from VOC to 0 V). 
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4. Results and discussion 
In the first part of this chapter, we use EIS assays as described in Chapter 3.1 to 
investigate ion diffusion within hybrid and inorganic perovskite materials. In the second 
part, we focus on the charge carrier transfer mechanism at ETM/perovskite and 
HTM/perovskite interfaces studied by fs-TAS as established in Chapter 3.2 and 
elaborate novel injection processes.  
4.1. Unveiling the dynamic processes in hybrid lead bromide perovskite 
nanoparticle thin film devices 
B. M. D. Puscher, M. F. Aygüler, P. Docampo, R. D. Costa, Advanced Energy Material, 
2017, 7, 1602283. 
 
The nature of perovskite being both an electric semiconductor and an ionic conductor 
was first reported by Mizusaki et al. in the 1980s64, yet, the interest of the scientific 
community arose only after ion migration was shown to be associated to the scan-rate 
dependent J-V hysteresis in 2014158,160. Under an applied bias and upon illumination, 
interstitial ions and their related vacancies are produced from the soft crystal structure 
and diffuse out of and along the crystal lattice, respectively (Chapter 2.1.5 and Figure 
7)151–153. The charge carriers accumulate at the interfaces of perovskite with either a 
charge carrier transport layer or an electrode, which screens the electric field and, in 
turn, either facilitates or impedes charge carrier extraction. This, on the one hand, 
typically leads to immediate improved power conversion efficiencies when measuring 
in reverse (VOC to 0 V) scan direction or when using device preconditioning by exposing 
the PSCs to poling or light soaking before characterization101,164. On the other hand, 
ion diffusion is considered to initiate the degradation of PSCs101,104,224 and perovskite-
based LEDs225, as indicated by a fast drop of power conversion efficiency and luminous 
efficiency, respectively. The diffusion of halides in HIOPs such as MAPI was in the 
focus of attention from the beginning103,158, while the organic cation was thought to 
realign as a response to the electric field but to abide within the cavity of the [PbX6]4- 
octahedrons104,124 as it is the case for ABO3-type perovskites226. In order to overcome 
this intrinsic stability challenge, ion movement is studied to open ways to suppress the 
underlying processes without impacting perovskite’s optoelectronic properties.  
B. M. D. Puscher et al., Adv. Energy Mater., 2017, 7, 1602283. - Adapted with permission from Wiley 
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For investigating the ion diffusion processes, we turned towards light-emitting 
electrochemical cells (LECs), which are a well-understood thin-film ionic-based lighting 
technology and an ideal model system to study ionic drifts. In contrast to LEDs that 
need several HTM and ETM layers for better and more balanced charge carrier 
injection into the electroluminescence layer, the active layer of LECs consists of a solid 
ionic conductor containing electrolyte additives and an electroluminescence 
species168–170. Upon applying a voltage, the ionic additives redistribute by diffusion in 
the ionic conductor and, in turn, introduce an electrical double layer (EDL) of 
uncompensated ionic charges. These EDLs self-regulate the electric field close to the 
contact for facilitated charge injection. Furthermore, the active layer self-dopes forming 
a p-i-n junction with highly conductive p- and n-type doped regions and a depletion 
region where the charge carriers radiantly recombine. For an ionic-electronic material 
such as perovskite, the electrochemical doping model of LECs is transferable. We 
investigated octylammonium capped hybrid organic-inorganic MAPbBr3 (MAPB) NCs 
as well as inorganic perovskite CsPbBr3 (CPB) NCs samples prepared by Dr. Meltem 
F. Aygüler87,106  in a ITO/PEDOT:PSS/perovskite/Al architecture (Figure 15A)106.  
Under an externally applied constant voltage of 4 V (Figure 15B), the time-dependent 
response of the current (black marks) rises until a run time of 6 hours (h) is reached. 
The tri-exponential increase represents the lowering of the resistance within the 
perovskite through the formation of EDLs and doped regions. Bromide anions and their 
Figure 15. A) Schematic representation of the device including the electrochemical 
doping model with electronic (hole, h+, as white and electron, e-, as black circular area) 
and ionic (Br- as purple circular area and MA+ as blue structure) as well as EDLs (dark 
green), n- and p-type doped regions (light green), and depletion region (yellow). B) 
Current response of the MAPB device upon applying a constant voltage of 4 V over 
24 hours. The halide (purple) and organic cation (blue) diffusion as well as p-i-n 
junction formation (yellow) are highlighted. The onset of degradation is marked with a 
dashed vertical line, while the dashed horizontal line represents the development of 
the current for an ideal, degradation-free device. Adapted from Puscher et al.106. 
B. M. D. Puscher et al., Adv. Energy Mater., 2017, 7, 1602283. - Adapted with permission from Wiley 
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vacancies VBr (purple), which have the lowest activation energy of the three species 
within perovskite, are the fastest migrating species. The derived diffusion time of 
30 ± 1.5 s is in agreement with a response time of a few seconds that was observed 
in photocurrent relaxation measurements158 as well as time-dependent PL imaging of 
MAPI110 and MAPB104 bulk thin-film solar cells. MA+ cations and their vacancies, VMA, 
have higher diffusion activation energies compared to the halides. Their diffusion is, 
thus, expected to be slower and we attribute the second time constant of 
12 ± 0.4 minutes (min) to their migration towards the interface. This represents the 
accumulation time found in another time-dependent PL imaging of MAPI227, where, 
however, the authors do not consider cation but do consider halide diffusion. After the 
formation of the EDLs, a further increase of the conductance is related to the growth 
of n- and p-type doped regions168,171–173,228, which gives the third time constant of 
1.6 ± 0.1 h. In an optimum LEC, the current profile reaches a plateau at which it 
operates at stable and efficient conditions (dashed horizontal line, Figure 15). For the 
perovskite, however, the current (grey marks) decreases after 6 h (dashed vertical 
line). This is possibly caused by overoxidation and/or reduction processes, which 
degrade the material, or due to the generation of pinholes by an inhomogeneous 
distribution of the electric field strength within the morphology of the thin-film229,230.  
For long-term studies of the device behavior, we turned towards pulsed current driving 
schemes where the average voltage response upon applying a set current and 0 A in 
500 µs intervals is measured. This drastically slows degradation and allows 
investigation of the ion redistribution within a time frame of one day. Here, the average 
voltage response over time follows a tri-exponential increase, which is, interestingly, 
independent of the applied current (Table 1). For τ1 and τ2 this is intuitive, since the 
activation energy for ion diffusion is exceeded. The time constant for the formation of 
the doped region is, however, also comparable with increasing electric field when going 
from 10 to 80 mA. Hence, the growth of the doped region appears to be solely ruled 
by the electronic conductivity of the perovskite as the electric field is efficiently 
screened at the perovskite/electrode interface168,228,231,232.  
The improved continuity in the measurement provided by the pulsed driving scheme 
allows the investigation of the ion diffusion within inorganic CPB NCs. Here, τ1 is halved 
in relation to τ1 of MAPB. A study by Zhou et al. published a few months after ours 
sheds light on this matter: they investigated the illumination-dependent ion motion of 
B. M. D. Puscher et al., Adv. Energy Mater., 2017, 7, 1602283. - Adapted with permission from Wiley 
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hybrid and inorganic perovskite57. They found light intensity independent activation 
energies for CsPbI2Br1 (~ 0.45 eV) that are lower compared to MAPI in the dark 
(0.62 eV); only under illumination the activation energies of the ion diffusion are lower 
for the HIOP perovskite57. In contrast, τ2 of CPB NCs is longer than for MAPB NCs 
owing to a less fluid A cation of the inorganic perovskite146 and, in turn, slower diffusion 
of the Cs+ (Table 1). Due to an earlier degradation of the inorganic film upon 
polarization (~ 40 min), a τ3 was not obtained.  
Table 1. Time constants obtained from applying different pulsed currents. 
Perovskite type 
 
Pulsed current 
[10-3 A] 
τ1 
[s] 
τ2 
[min] 
τ3 
[h] 
MAPB 10 16 ± 0.6   4.9 ± 0.4 1.6 ± 0.1 
 20 18 ± 1.0   5.1 ± 0.3 1.5 ± 0.1 
 50 21 ± 1.1   4.2 ± 0.5 1.1 ± 0.1 
 80 15 ± 0.5   5.4 ± 0.2 1.6 ± 0.1 
CPB 10 10 ± 0.8 12.0 ± 2.3 - 
 20   6 ± 0.2   8.1 ± 0.2 - 
 
To unambiguously determine whether the obtained time constants are caused by two 
different diffusion species or by the architecture of the device, we turned towards 
electrochemical impedance spectroscopy. Here, electronic and ionic charge carriers of 
a mixed conductor are differentiated by the probed frequency according to the concept 
of ionic diffusion processes within LECs171–173. For this, two different measuring modes 
were used and the data was fitted using the circuit models given in Chapter 3.1. 
In a steady EIS assay, the impedance was obtained by increasing the voltage from 0 
to 4.5 V in 0.5 V steps. In Figure 16A and B, the electrical resistance (Re) obtained 
from fitting of the EIS assays of MAPB and CPB is given against the applied voltage. 
Both samples clearly show two different slopes below and above the materials’ band-
gap, Eg, related to the growth of EDLs and p- and n-type doped regions within the 
active layer, respectively.  
In the range between 0 and 2.5 V, Re decreases mono-exponentially for hybrid 
perovskite MAPI, while the redistribution of charges equilibrates at about 1.5 eV. The 
ionic conductance obtained at a frequency of 100 Hz mirrors the development of Re 
B. M. D. Puscher et al., Adv. Energy Mater., 2017, 7, 1602283. - Adapted with permission from Wiley 
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and corroborates the correlation between ionic diffusion, formation of highly conductive 
regions, and, thus, a reduction of the resistance. A more detailed picture of the EDL 
formation is given by the capacitance and phase angle as a function of frequency in 
Figure 16C. As a result of the growing EDLs upon increasing the applied voltage, a 
rise of their capacitance is indicated at low frequencies. Also, the maximum of the 
phase angle lowers and shifts towards higher frequencies. This can be rationalized by 
the general behavior of double layers that have a high capacitance for low 
frequencies172. At high frequencies, though, these highly conductive layers near both 
electrodes contribute to the distance which the electronic charge carriers travel before 
reaching the sandwiched less conductive region of the film. Upon increasing the 
applied voltage beyond Eg, effective ohmic charge carrier injection initiates the 
Figure 16. EIS assay driven at steady type mode. Resistance (black) and conductance 
(blue) as a function of applied voltage for MAPB NCs (A) and CPB NCs (B) with their 
respective band-gap marked by the vertical line. Phase angle (filled squared) and 
capacitance (empty squared) as a function of frequency for MAPB NCs (C) and CPB 
NCs (D) by applying a voltage of 0.0 (black), 1.5 (blue), and 4.0 V (red). Dashed lines 
in A) and B) are a guidance for the eye; solid lines in C) and D) represent the fittings 
according to the model of Chapter 3.1. Adapted from Puscher et al.106. 
B. M. D. Puscher et al., Adv. Energy Mater., 2017, 7, 1602283. - Adapted with permission from Wiley 
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formation of p- and n-type doped regions as reflected in the linear reduction of the 
resistance.  
In comparison, EIS assays of inorganic perovskite reveal a slower redistribution of 
charges upon increasing voltage (Figure 16B). Re is lowered by some extent but does 
not equilibrate and the ionic conductance shows no crucial increase until Eg is reached. 
Furthermore, the capacitance and phase angle (Figure 16D) emphasize the finding 
that while EDLs are formed in CPB, their growth is much slower than for MAPB. In 
conclusion, this clearly highlights that Cs+ rather abides within the crystal structure and 
does not contribute to the ionic motion. By exceeding the band-gap energy, the 
resistance drops drastically, which, in turn, increases the ionic conductivity. Firstly, this 
is a clear contrast to the hybrid perovskite, where the crossover between the slope of 
the resistance before and after Eg is continuous due to an efficient band-gap alignment. 
Secondly, here p- and n-type doped regions are forcefully formed, which most likely 
decomposes the material as was observed in the pulsed mode.  
Finally, we observed the ion movement within MAPB in dynamic EIS assays. Here, a 
constant voltage of 3 V was applied for 12 h during which the impedance was 
periodically measured every 30 min (Figure 17A). The electrical characterization 
obtained from data fitting according to the full circuit is given as a function of time in 
Figure 17B. With decreasing ionic resistance (Ri) of the EDLs, Re mono-exponentially 
drops within the first 4 h and converges to Ri. The time constant derived from the 
development of Re is 1.3 ± 0.1 h, which is in perfect agreement with the results 
Figure 17. A) Conductance (filled circles) and capacitance (empty circles) as a function 
of frequency for MAPB NCs at 0.5, 2, 4, 8, and 12 h upon applying a constant voltage 
of 3.0 V. B) Electrical characterization as a function of time for MAPB. Dashed line in 
B) is a guidance for the eye; solid lines in A) and B) represent the fittings according to 
the model of Chapter 3.1. Adapted from Puscher et al.106. 
B. M. D. Puscher et al., Adv. Energy Mater., 2017, 7, 1602283. - Adapted with permission from Wiley 
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obtained from constant voltage and pulsed current measurements (Table 1). During 
the first 4 h, where Re decreases, the effective capacitance (Ceff) rises slightly. After 
the convergence of the resistances, the doped regions grow towards each other 
narrowing the less conductive region and, in turn, Ceff increases drastically. Due to the 
diminishing of the undoped region, the ionic conductance approaches a limit at which 
the intrinsic zone cannot shrink any further. This is most likely the reason for the 
degradation of the perovskite presented in Figure 15B. 
In summary, we have examined the ionic conductivity within perovskite by successfully 
applying the ionic drift concept of LECs as model system. We demonstrated the 
presence of two diffusing species within MAPB namely halides at short times and MA+ 
at longer times. Upon applying a voltage, these form highly conductive EDLs at the 
electrodes and, when the voltage exceeds Eg, n- and p-type doped regions within the 
perovskite layer. Within inorganic perovskites such as CPB, it is only the halides that 
diffuse and upon forcefully displacing the Cs+, the material rather decomposes.  
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4.2. Charge carrier transfer across interfaces within perovskite solar cells 
In the following, the attention is focused on the charge carrier transfer mechanism 
studied by fs-TAS. Initially, we investigated charge carrier dynamics in polymer-based 
ternary solar cells containing perovskite NCs. Then, we turned towards electron 
injection from perovskite into PCBM layers of amorphous and polycrystalline 
morphologies. Finally, we address the controversial topic of hole injection from 
perovskite into varying hole transporting materials. 
4.2.1. Improved charge carrier dynamics in polymer/perovskite nanocrystal-
based hybrid ternary solar cells 
R. Soltani‡, B. M. D. Puscher‡, A. A. Katbab, I. Levchuk, N. Kazerouni, N. Gasparini, 
N. Camaioni, A. Osvet, M. Batentschuk, R. H. Fink, D. M. Guldi, T. Ameri, Physical 
Chemistry Chemical Physics, 2018, 20, 23674-23683. // ‡ contributed equally. 
 
In many single-junction polymer solar cells the photoactive layer is a blend of a 
fullerene derivative acting as electron acceptor and a conjugated polymer as electron 
donor material35,233. The spectral range of these polymers is easily tunable but limited, 
thus incorporating a second photon absorber, such as narrow band-gap 
polymers234,235, dyes236, small molecules237 or quantum dots238, with a complementary 
absorption range to the first photon absorber improves photon harvesting. A center of 
attention are derivatives of diketo pyrrolo-pyrrole that are soluble, narrow band-gap 
polymer with an ambipolar nature and high charge carrier mobilities as demonstrated 
by Bronstein et al.239. Furthermore, when combined with fullerene derivatives, the 
components form a high-energy charge separated state240. Bujleveld et al. achieved a 
PCE of up to 4.6% for single-junction binary blends of diketo pyrrolo-pyrrole and 
PCBM241, which is comparable to P3HT:PCBM blends with 5%235. A huge draw-back 
of polymer solar cells is, however, inefficient dissociation of bound Frenkel excitons 
within polymer grains and across the interface. This slows charge carrier separation 
drastically and promotes charge carrier recombination. Gasparini et al. demonstrated 
that a ternary blend containing a highly ordered sensitizer suppresses these 
recombination processes234.  
In this work, we presented the beneficial contribution of perovskite in the form of FAPI 
NCs as a second photon absorber in the bulk heterojunction active layer of a polymer 
solar cell. The active layer is composed of the electron donor pDPP5T-2 (DPP), a 
R. Soltani, B. M. D. Puscher et al., PCCP, 2018, 20, 23674-23683. - Adapted by permission of the PCCP Owner Societies 
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derivative of diketo pyrrolo-pyrrole, and the electron acceptor PCBM (structural 
formulae are given in Figure 9). Nanocrystals and specimens used for this study were 
prepared in the group of Prof. Brabec242 and Dr. Ameri129. The FAPI NCs, that have an 
edge length of 14.4 ± 3.4 nm, are surrounded by the capping agents oleylamine and 
oleic acid. Most likely the NCs are located between the polymer and fullerene domains 
as it is known from other ternary blends236 and should mediate charge carrier 
separation between the donor and acceptor. Firstly, FAPI NCs allow for fast generation 
of free charge carriers from Wannier excitons and, secondly, exhibit a cascading 
charge carrier transport (Figure 18A). In order to elucidate the charge carrier transfer 
mechanism in these DPP:FAPI NCs:PCBM ternary blends, we performed fs-TAS on 
binary blends of DPP:PCBM (1:2 percent by weight, wt%) and DPP:FAPI NCs 
(1:1 wt%) as well as DPP:PCBM ternary blends containing 5 and 10 wt% of FAPI NCs 
and a DPP reference.  
The solar cell devices that have an inverted architecture of ITO/Ba(OH)2/active 
layer/MoOx/Ag (Figure 18B) were prepared and characterized by Dr. Rezvan 
Soltani129. In relation, our specimen were directly deposited on glass using the 
fabrication of their respective devices, yet without any hole or electron transporting 
layer. The samples were measured at room temperature in a home build nitrogen-
Figure 18. A) Energy level diagram of components within the active layer with DPP 
(turquoise), FAPI NCs (grey), and PCBM (brown). B) Corresponding schematic 
depictions of the architecture used for solar cells (top) studied as well as the blending 
within DPP:PCBM binary (left bottom) and ternary blend (right bottom) with FAPI NCs 
(grey) at the DPP-PCBM interface. Adapted with permission from Soltani, 
Puscher et al.129.  
R. Soltani, B. M. D. Puscher et al., PCCP, 2018, 20, 23674-23683. - Adapted by permission of the PCCP Owner Societies 
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purged atmosphere chamber. An λexc of 775 nm with a laser fluence of 104 µJ cm-2 
was used to selectively excite DPP in order to observe the charge injection from the 
polymer into FAPI NCs and PCBM. 
 
Figure 19. Differential absorption spectra (A, left) taken at time-delays of 0.6 and 
6000 ps after excitation with 775 nm representing singlet (black) and triplet (3x 
enhanced, red) excited DPP, as well as differential absorption spectrum upon 
spectroelectrochemical oxidation of DPP at 0.7 eV vs. normal hydrogen electrode 
(turquoise). Detailed, stacked differential absorption spectra (A, right) of the DPP 
cation signal region. Differential absorption spectra (left) of  DPP:PCBM (1:2 wt%, B) 
and DPP:FAPI (1:1 wt%, C)  binary blend as well as  DPP:FAPI:PCBM (1:0.05:2 wt%, 
D) ternary blend upon excitation with 775 nm; corresponding detailed, stacked 
differential absorption spectra of DPP’s cation signal (right). Delay times of 0.6 (black), 
2 (dark green), and 40 ps (light green) were used. Adapted with permission from 
Soltani, Puscher et al.129. 
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First, we investigated the excited states and recombination processes within the DPP 
reference. The differential absorption spectrum of the DPP singlet excited state after 
0.6 ps (Figure 19A, black) displays GSBs at 448, 634, and 703 nm as well as PIA at 
520 nm and above 800 nm extending into the NIR range. The PIA in the NIR overlaps 
with the SE centered around 840 nm. An additional pathway that depopulates the 
singlet excited state is intersystem crossing towards the triplet excited state, 
discernable by its PIA signal located between 620 and 695 nm at 6000 ps (Figure 19A, 
red, 3x enhanced signal).  
We then turned towards the binary blends to investigate the charge separation process 
between DPP and PCBM (Figure 19B) as well as DPP and FAPI NCs (Figure 19C). 
Derived from spectroelectrochemical results (Figure 19A, turquoise), the DPP’s cation 
signal is located at 850 and 1437 nm, with the latter being emphasized in the detailed 
and stacked curves on the right in Figure 19B and C. 
In the differential absorption spectra of the DPP:PCBM sample (Figure 19B), the 
signals related to the DPP cation at 1437 nm develop after 2 ps, confirming charge 
carrier separation at the DPP-PCBM interface. The intensity of the DPP cation signal 
at 1437 nm is, however, already strongly reduced after 40 ps, which suggests fast 
recombination of the holes in the DPP and electrons in the PCBM. Apart from non-
geminate recombination towards the polymer’s and fullerene’s ground-state, electrons 
within the PCBM are, additionally, transferred from the charge separated state into the 
energetically lower triplet excited state of DPP.  
In the differential absorption spectra of DPP:FAPI NCs (Figure 19C), the GSB features 
and the pronounced NIR PIA signal of the polymer have the same red-shift to 480, 
650, and 720 nm as recorded in absorption measurements by Soltani, 
Puscher et al.129. Most probably, this is a direct result of the FAPI NCs on the polymer’s 
ordering towards well-structured domains243. After a delay time of 40 ps, the GSB is 
further red-shifted compared to the signal obtained for a delay time of 2 ps. This stems 
from the contribution of excited perovskite, which is observable only after charge 
injection from the polymer due to the selective excitation of DPP. Charge separation at 
the DPP-FAPI NCs interface is corroborated by a weak DPP cation signal in the NIR. 
The additional transient species by the FAPI NCs is populated within the first 10 ps, as 
was studied in time absorption profiles of the GSB recorded at 681 and 756 nm by 
Soltani, Puscher et al.129. Interestingly, the features of DPP’s triplet excited state are 
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weak in DPP:FAPI NCs binary blends, leading to the conclusion that recombination 
between DPP and FAPI NCs is preferred over re-injection from the perovskite into the 
triplet excited state of DPP.  
Finally, we compared the insight gained from the binary blends to the fs-TAS results of 
the ternary blends (Figure 19D). While the DPP:FAPI NCs:PCBM sample has the same 
differential absorption features as the DPP:PCBM blend, it differs in its kinetics. For 
instance, we derive from the DPP cation signal that FAPI NCs facilitate the formation 
of and, furthermore, extend the lifetime of the charge separated state. To further 
evaluate the lifetimes of the species (Table 2) within both binary and ternary blends, 
we performed target analysis using Glotaran and the models presented in Figure 20A. 
The calculated species associated spectra and the states population over time are 
presented in Figure 20B and C. The lifetime of DPP’s singlet excited state (τ1) is with 
0.6 ± 0.01 ps for the 5 wt% ternary blend much shorter than was observed in the binary 
blend with 1.4 ± 0.04 ps. This faster depopulation is caused by dual charge injection 
pathways towards the charge transfer state DPPδ+:PCBMδ- and charge separated state 
DPP+:FAPI-.  
Table 2. Lifetimes of the species determined from target analysis using the model 
given in Figure 20A. 
FAPI NCs content 
[wt%] 
τ1 
[ps] 
1DPP:PCBM 
τ2 
[ps] 
DPPδ+:PCBMδ- 
τ3 
[ps] 
DPP+:FAPI- 
τ4 
[ps] 
DPP+:PCBM- 
0 1.4 ± 0.04 31 ± 0.2 - 536 ± 4 
5 0.6 ± 0.01 43 ± 0.3 4.1 ± 0.03 607 ± 5 
10 0.5 ± 0.01 48 ± 0.3 4.6 ± 0.04 572 ± 5 
 
The lifetime of the bound charge carriers increases by 39% and 55% for ternary blends 
with 5 and 10 wt% FAPI NCs, respectively, compared to the binary blend. The lifetime 
τ3 of the intermediate charge separated state DPP+:FAPI- reaches a mean value of 4.4 
± 0.04 ps for the ternary blends. Finally, the charge separated state DPP+:PCBM- is 
populated by the diffusion of the bound charge carriers of DPPδ+:PCBMδ- into the 
respective grains and the injection of electrons within FAPI NCs into the PCBM domain. 
The lifetime τ4 of DPP+:PCBM- is with 607 ± 5 ps the longest in 5 wt% ternary blends, 
which means that the FAPI NCs inhibit recombination and injection into DPP’s triplet 
excited state. This can be rationalized by a smaller DPP-PCBM interface owing to FAPI 
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NCs being located between the polymer and fullerene domains. When increasing the 
FAPI NCs content to 10 wt%, τ4 is reduced compared to 5 wt% but still longer than for 
the binary blend. These findings are corroborated by the power conversion efficiency 
of the respective solar cells that increase from 5.0 ± 0.4% for binary to 5.5 ± 0.3% for 
ternary blends with 5 wt% of NCs.  
 In summary, this study elucidated the effect of FAPI NCs on the charge carrier 
mechanism and the transients’ lifetime in DPP:FAPI NCs:PCBM ternary blends. FAPI 
NCs provide an additional pathway to rapidly depopulate the singlet excited state of 
Figure 20. A) Models used for target analysis of binary (left) and ternary blends (right). 
Species associated spectra (left) and state population (right) of binary (B) and ternary 
(C) blends showing singlet excited DPP (black), bound charge carriers located at the 
interface of either DPP:PCBM (blue) or DPP:FAPI (grey), separated charge carriers in 
DPP and PCBM (dark red), as well as triplet excited DPP (red). Adapted with 
permission from Soltani, Puscher et al.129. 
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DPP and accelerate free charge carrier generation. This leads to fast charge carrier 
separation across DPP and PCBM. Furthermore, the recombination of the separated 
charge carriers within the polymer and the fullerene is slowed and re-injection into 
DPP’s triplet excited state is reduced by a smaller DPP-PCBM interface. The results 
were corroborated by the figure-of-merits and characterization of complete solar cells 
performed by Dr. Rezvan Soltani129, resulting in champion devices with a PCE of 5.5% 
using 5 wt% of FAPI NCs.  
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4.2.2. Assembling mesoscale-structured organic interfaces in perovskite 
photovoltaics 
Y. Hou, C. Xie, V. V. Radmilovic, B. M. D. Puscher, M. Wu, T. Heumüller, A. Karl, N. 
Li, X. Tang, W. Meng, S. Chen, A. Osvet, D. M. Guldi, E. Spiecker, V. R. Radmilović, 
C. J. Brabec, Advanced Materials, 2019, 31, 1806516. 
 
In the previous chapter, we have demonstrated the beneficial role of perovskite NCs 
within a polymer solar cell due to its improved charge carrier transfer properties. We 
now turn towards PSCs and study the extraction of electrons from the perovskite 
material. 
In planar PSCs, one of the most prominent organic ETMs is the fullerene derivative 
PCBM (structural formula is given in Figure 9 in Chapter 2.2.1). In contrast to 
fullerenes, PCBM films are solution-processable at low temperature, e.g. from 
chlorobenzene, while still showing good electron accepting and hole blocking 
properties. In 2013, Docampo et al. successfully implemented PCBM in low-
temperature fabricated, flexible PSCs with inverted, thus p-type, architecture as 
alternative to mesoporous TiO2 that needs to be annealed to 500 °C201. Additionally, 
Shao et al. and Hou et al. demonstrated that planar PSCs with PCBM and other 
fullerene derivatives covering compact TiO2 feature reduced J-V hysteresis compared 
to bare TiO2-based devices, due to its passivating effect on perovskite’s grain 
boundaries and surface157,180. When introduced in a n-type structure with PCBM as 
bottom layer (PCBMcompact), the PCBM has, however, a low wettability towards the 
perovskite’s precursor and suffers from molecule diffusion into the perovskite film244. 
Consequently, homogenous thin-film formation, which is important for reduced trap 
states and reproducible power conversion efficiencies with minimal deviations, is 
challenging. Furthermore, solution-processed disordered PCBM films feature a broad 
distribution of its density of states that, similar to mesoporous TiO2, extends into the 
band-gap (Chapter 2.2.1). Shao et al. demonstrated that solvent annealing improves 
the crystallinity and, in turn, enhances the VOC by 9% and the PCE by 13% of a planar 
PSC prepared by solvent annealing in comparison to PSCs prepared by temperature 
annealing197. For better stability and improved charge carrier extraction, fullerene 
derivatives that have good TiO2-covering and self-assembling properties were tailored 
by Hou et al. and Tao et al.180,245, but are less straight-forward in fabrication.  
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In this work, Dr. Yi Hou presented a straight-forward and environmentally friendly 
preparation of highly crystalline PCBM nanoparticles (NPs, PCBMNPs) from water via 
nanoemulsion technique. From scanning electron microscopy and high-resolution 
transmission electron microscopy, it was seen that these PCBMNPs are spherical and 
have a diameter of 40 ± 11 nm. When deposited on a substrate like tin dioxide, PCBM 
NPs reorganize themselves to form an ordered mesoporous structure with a large pore 
volume, of which the latter is tuned to a desired size by temperature annealing. 
Accordingly, the surface geometry is altered in favor of an increased interface area. 
The precursor solution of perovskite fills these voids without leaching PCBM and has, 
furthermore, an improved wettability compared to compact PCBM films. The perovskite 
layer thus obtained has an improved homogeneity and crystallinity, resulting in PSCs 
with an overall reproducible efficiency and better thermal stability compared to 
perovskite on top of compact PCBM.  
As the PCBM-perovskite interface plays an important role, we studied the electron 
injection from lead iodide rich perovskite (FA0.83MA0.17Pb1.1Br0.22I2.98) into the ETMs by 
fs-TAS on perovskite/PCBMcompact (orange), perovskite/PCBMNPs (turquoise), and 
perovskite reference (black) films on top of a glass substrate (see Figure 21A). An λexc 
of 695 nm was chosen to nearly resonantly excite the perovskite across the band-gap 
and solely populate perovskite’s VB1. The differential absorption spectra of all three 
samples with a 0.7 ps time-delay are presented in Figure 21B; the characteristic 
features of photoexcited perovskite are identifiable as described in detail in 
Chapter 3.2. In short, the GSB at 760 nm represents the transition VB1 → CB1 with an 
asymmetric extension towards shorter wavelengths due to hot carrier distribution. PIA 
signals emerge between 500 and 650 nm as well as in the NIR with a maximum at 
930 nm.  
The onset of the asymmetric extension towards the PIA for perovskite/PCBMNPs 
compared to the perovskite reference is red-shifted from 656 to 686 nm, which is in 
strong contrast to the marginal shift for perovskite/PCBMcompact. Furthermore, derived 
from exponentially fitting time-absorption profiles of Figure 21C, the rate constants for 
the hot-carrier cooling process increased from (18.1 ± 0.3) × 1010 s-1 for perovskite to 
(18.8 ± 0.3) × 1010 s-1 for perovskite/PCBMcompact, and to (20.4 ± 0.4) × 1010 s-1 for 
perovskite/PCBMNPs. Consequently, it is evident that the hot carrier density within 
photoexcited perovskite is harvested due to ultrafast electron injection from perovskite 
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into the highly crystalline PCBM NP film. This can be rationalized by two enhanced 
properties of PCBM NPs, namely the augmented interface area and the improved 
crystallinity. Materials with many grain boundaries and lattice dislocations, such as 
compact PCBM, introduce disperse, perturbed, and localized energy states that, 
additionally, extend into the band-gap. Crystalline solids, however, have well-defined 
energy levels within their band structure, by which high-energy states of PCBM NPs 
activate a “hot” channel246 to harvest perovskite’s hot electrons. 
To further investigate the ultrafast charge separation process at the interface of 
perovskite and both PCBM films, the samples were excited at 460 nm (Figure 21D and 
E). Signifying the cooling process of hot carriers within the perovskite reference, the 
kinetic profile of its GSB at 750 nm growths within the initial 4 ps after photoexcitation. 
This is not observed for the perovskite/PCBMNPs sample, which accounts for the 
efficient harvest of hot carriers by crystalline PCBM NPs. Very intriguing is the 8 ps 
delayed GSB signal when using compact PCBM. The process, which underlies this 
finding, is a back-transfer of electrons within high-energy states of PCBMcompact into 
perovskite’s VB.  
Figure 21. A) Schematic depiction of perovskite (top, black), perovskite/PCBMcompact 
(middle, brown) with molecule diffusion, and perovskite/PCBMNPs (bottom, turquoise) 
films. Differential absorption spectra taken at a time-delay of 0.7 ps after excitation with 
695 (B) and 460 nm (D) of perovskite (black), perovskite/PCBMcompact (brown), and 
perovskite/PCBMNPs (turquoise) films. Time absorption profiles at 750 nm after 
excitation with 695 (C) and 460 nm (E) of the same samples. Adapted with permission 
from Hou et al.179. 
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In summary, our fs-TAS results reveal the improved interaction between perovskite 
and the PCBM NPs film referenced to the standard compact PCBM. The augmented 
interface of the self-assembled highly crystalline mesoscale-structured PCBM layer 
improves the permeation by the perovskite precursor and, in turn, scavenges electrons 
efficiently. Furthermore, the distinct density of states within polycrystalline PCBM NPs 
enables harvesting of hot electrons before thermal relaxation. In contrast to PCBM 
NPs, already collected electrons within compact PCBM are lost by fast back-injection 
into the perovskite’s CB. Consequently, Dr. Yi Hou observed that the exceptional 
electron extraction provided by the mesoscale-structured PCBM combined with 
improved perovskite film formation conditions by the same, enables solar cells 
(0.1 cm²) with reproducible PCE of 19.0 ± 1.8%; in comparison compact PCBM 
achieved 18.1 ± 2.9%. Furthermore, when increasing the active area to 1 cm², the PCE 
of compact PCBM decreased to 16.2%, while the PCE stayed nearly constant at 18.5% 
with PCBM NPs.  
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4.2.3. Hot electron injection into semiconducting polymers in polymer based-
perovskite solar cells and their fate 
J. Jiménez-López‡, B. M. D. Puscher‡, W. Cambarau, R. H. Fink, E. Palomares, D. M. 
Guldi, Nanoscale, 2019, 11, 23357-23365. // ‡ contributed equally. 
 
Finally, we investigated the charge carrier transfer across the perovskite/HTM interface 
for organic semiconductors used in an n-type sDSSC architecture. The injection rate 
for hole transfer from perovskite into HTMs of both small molecule and polymer-based 
type is heavily debated: time constants for spiro-OMeTAD range between 660136 and 
0.7 ps203 according to Xing et al. and Piatkowski et al., respectively. Later, Brauer et 
al. even reported on hot hole injection within a sub-80 fs time scale204. In the case of 
polymer-based semiconductors as HTMs, another study by Brauer et al. states that 
hole injection requires several ns for P3HT, PCPDTBT, and PTAA205. In contrast, 
Ishioka et al. observed hole injection to occur within 1 and 2 ps for PTAA and 
PEDOT:PSS, respectively247. Thereby, in the first part of this work we corroborated the 
fast hole injection of about 1-2 ps from perovskite into both spiro-OMeTAD as well as 
commercially available low band-gap semiconducting polymers such as P3HT, PTB7, 
and PCPDTBT. Interestingly, compared to PTB7 and P3HT, PCPDTBT shows a clear 
underperformance as HTM for PSCs, although both the injection rate248 as well as the 
hole mobility189 are comparable. Li et al. demonstrated that it is feasible to inject hot 
electrons into an energetically higher LUMO level compared to the CB of perovskite249. 
Thus, in the second part of this work, we investigated another loss pathway arising 
from hot electrons within non-thermalized perovskite that can be injected into an HTM 
with an energetically low LUMO level, such as PCPDTBT. As a reference for efficient 
electron and hole extraction from the perovskite, we used state-of-the-art mesoporous 
TiO2 and spiro-OMeTAD, respectively. The energy levels and structural formulae of 
the organic semiconductors are given in Figure 9.  
The samples, bilayers of MAPI/TiO2 and MAPI/HTM as well as a MAPI reference, were 
prepared by Dr. Jesús Jiménez-López and Werther Cambarau. They were sealed with 
poly(methyl methacrylate) (PMMA) and measured at room temperature. An λexc of 
460 nm with laser fluences ranging from 2.6 to 191 µJ cm-2 was used to selectively 
excite MAPI with enough excess energy for the creation of hot electrons. The 
differential absorption spectra obtained from the MAPI reference (Figure 22, black) 
display the characteristic features of perovskite as described in detailed in Chapter 3.2. 
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GSBs at 760 and 460 nm represent the transitions VB1 → CB1 as well as VB2 → CB1 
or alternatively VB1 → CB1 at another high symmetry point in the Brillouin Zone95, 
respectively. PIA signals emerge between 500 and 650 nm as well as a short-lived one 
in the NIR starting from 790 nm. Hot carriers are distributed in the CB1 causing an 
asymmetric extension of the 760 nm GSB towards shorter wavelengths. Increasing the 
excess energy of charge carriers, intra subband absorption of electrons assisted by 
LO phonon emission causes an ultrashort-lived PIA signal at 780 nm217,220.  
For MAPI/HTM samples, the spectral characteristics of the HTMs’ polarons are visible 
after 1.2 ps in the NIR (Figure 22A) with main peaks being located at 905 and 965 nm 
for PCPDTBT and spiro-OMeTAD, respectively. To evaluate the injection kinetics, the 
time absorption profiles at these polaron features were correlated to the traces in MAPI 
in the absence of any HTM. The resulting charge injection rate for PCPDTBT with   
(1.00 ± 0.05) × 1012 s-1 is similar to the one of spiro-OMeTAD with (0.82 ± 0.03) × 
1012 s-1. This coincides with a resembling “apparent driving force” for the hole transfer 
process in both materials compared to other polymer HTMs189 and renders the injection 
rate a non-determining factor for efficient solar cells.  
 
Figure 22. Differential absorption spectra of MAPI (black), TiO2/MAPI (grey), 
MAPI/PCPDTBT (green), and MAPI/spiro-OMeTAD (red) with a delay time of 1.2 (A) 
and 2 ps (B) after excitation with 460 nm and a laser fluence of 130 µJ cm-2. Adapted 
with permission from Jiménez-López, Puscher et al.248. 
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The weakening of the 780 nm PIA in the presence of PCPDTBT is striking compared 
to spiro-OMeTAD (Figure 22B and Figure 24A). This behavior resembles the spectral 
progress in the TiO2/MAPI sample, where it is attributed to hot electron injection from 
the perovskite into an ETL. To investigate whether PCPDTBT quenches hot electrons 
across the MAPI/HTM interface, we performed laser intensity dependent 
measurements (Figure 23). The intensity of the hot carrier PIA for MAPI indicates 
saturation towards high laser fluences related to Pauli blocking effects250. In the 
presence of ETM and HTMs, the intensity of the PIA increases linearly for laser 
fluences below 26 µJ cm-2. The PIA of the MAPI/spiro-OMeTAD sample saturates upon 
increasing the laser fluence towards 191 µJ cm-2 similarly to the MAPI reference. This 
is in contrast to the linear dependence in MAPI/TiO2, where electrons are injected into 
the ETM and a reduced charrier-phonon interaction shifts the saturation towards laser 
fluences exceeding 191 µJ cm-2. Intriguingly, MAPI/PCPDTBT also follows a 
continuously linear increase similar to MAPI/TiO2, which, furthermore, corroborates our 
hypothesis that not only holes but also hot electrons are extracted by PCPDTBT due 
to its energetically low LUMO level. In comparison, spiro-OMeTAD, which has a high 
LUMO level, acts not only as hole transporting but also electron blocking layer.  
In the presence of dual charge carrier injection, two possible features should be 
observable. Firstly, injected holes and electrons within the PCPDTBT can radiatively 
recombine, which would be visible as fluorescence. On the basis of the absence of any 
noticeable emission by the polymer, we consider this not to be a plausible scenario. 
Secondly, as a result the electrons can be back-transferred from PCPDTBT’s LUMO 
Figure 23. The dependence of the PIA at 785 nm on the laser fluence going from 2.6 
to 26 µJ cm-2 (A) and 26 to 191 µJ cm-2 (B) for MAPI (black), MAPI/TiO2 (grey), 
MAPI/spiro-OMeTAD (red), and MAPI/PCPDTBT (green). The intensity was 
normalized in reference to 26 µJ cm-2. Adapted with permission from Jiménez-López, 
Puscher et al.248. 
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into the lower CB minimum in MAPI, which would, in turn, delay the GSB maximum of 
MAPI as was seen for the compact PCBM (Figure 21E)179. The time absorption profiles 
at 750 nm for MAPI, MAPI/TiO2, and MAPI/spiro-OMeTAD peak at approximately 4 ps 
as given in Figure 24B, yet for MAPI/PCPDTBT it is clearly delayed to 9 ps. This can 
also be observed upon reducing the laser fluence, where the GSB maximum peaks at 
6 to 8 ps in the presence of spiro-OMeTAD or TiO2 but is delayed to approximately 
25 ps for MAPI/PCPDTBT (Figure 24C).  
Finally, we turned towards the PIA in the NIR and analyzed the time absorption profiles 
at 1040 nm (Figure 24D). Here, the spectral features of the transferred charge carriers 
within the ETM and HTM are best discernable at intensities of 26 µJ cm-2. The kinetics 
of the MAPI/TiO2 and MAPI/spiro-OMeTAD show divergent recombinations compared 
to one another as well as to the short-lived MAPI reference. The time absorption profile 
of MAPI/PCPDTBT differ most from the others, though. On early delay times (< 3 ps), 
we observed a reduced intensity in the PIA to MAPI that we relate to electron extraction 
by the polymer. Subsequently, the intensity of the PIA signal increases simultaneously 
Figure 24. Time absorption profiles of MAPI (black), TiO2/MAPI (grey), 
MAPI/PCPDTBT (green), and MAPI/spiro-OMeTAD (red) at a probing wavelength of 
780 (A), 750 (B, C), and 1040 nm (D) after excitation with 460 nm and a laser fluence 
of 130 (A, B) and 26 µJ cm-2 (C, D). Adapted with permission from Jiménez-López, 
Puscher et al. 248. 
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with the back-injection of electrons into the MAPI CB. We attribute the PIA at longer 
time-delays to the spectral signature of the PCPDTBT polaron. The fluctuation of 
features in the NIR is not present in the time absorption profiles of any other sample. 
These findings are detrimental in a full device, as hot electrons are affected in their 
extraction by a sub-picosecond competition between the favorable TiO2 and the 
polymer. As a consequence of their subsequent back-transfer, the luminescence of 
MAPI in the presence of PCPDTBT is the highest in relation to the other HTMs. Finally, 
this loss process lowers the photocurrent by 40% and 30% of solar cells featuring 
PCPDTBT in relation to spiro-OMeTAD and PTB7, respectively. We assign it 
tentatively to be the reason behind the weak performance of solar cells using 
PCPDTBT as HTM.  
In summary, we have shown the HTM-type independent fast injection of holes from 
perovskite into small molecule type or polymer-based HTMs. Furthermore, we have 
elucidated a loss pathway for hot electrons that are generated close to the 
perovskite/HTM interface. Instead of being efficiently transported and injected into an 
ETM, the electrons are transferred into a deadlock within the energetically low LUMO 
state of the HTM and can only relax back into the perovskite CB. We have, thus, shown 
that hot carriers cannot only contribute to the solar cell efficiency, but also cause 
reduced performance if materials with a low LUMO are selected as HTMs.  
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5. Summary 
In conclusion, the work at hand provides a deep understanding of ionic diffusion 
processes within lead-based halide perovskite materials as well as their interaction 
with electron and hole transporting materials by means of injection and recombination 
processes. Perovskite’s exceptional properties, e.g. fast generation of free charge 
carriers and relatively long-lived hot electrons, enable additional pathways for charge 
carrier transfer. The studies were performed using electrochemical methods, i.e. 
voltammetry, amperometry, and impedance spectroscopy, as well as fs-TAS. 
In the first part, we focused on the intrinsic properties of perovskite in respect to its 
ionic conductivity. We demonstrated that hybrid perovskites such as MAPbBr3 
(prepared in the workgroup of Dr. Docampo) feature two diffusing species under an 
applied voltage in contrast to inorganic perovskites such as CsPbBr3. For both 
perovskite materials, the components with short diffusion times are halides and their 
vacancies which provide low diffusion activation energy. With a longer diffusion time, 
the organic A cations, MA+, realign with the electric field and it as well as its vacancies 
contribute to the ionic motion within the material. In contrast, the A cation in CsPbBr3 
has a less fluid character than MAPbBr3 and, in turn, Cs+ remains within the crystal 
structure. CsPbBr3 decomposes by forcefully displacing Cs+ when a high voltage is 
applied. This reflects on the one hand the improved stability but on the other hand the 
reduced self-healing property of inorganic perovskite over hybrid perovskite under 
working conditions.  
In the second part, we emphasized the charge carrier transfer and recombination 
mechanism between perovskite and the ETMs TiO2 and PCBM as well as several 
polymer-based HTMs and spiro-OMeTAD. We demonstrated the beneficial 
incorporation of FAPbI3 NCs into a DPP:PCBM-based polymer solar cell (fabricated in 
the group of Dr. Ameri). These FAPbI3 NCs accumulate at the grain boundaries 
between the polymer and the fullerene derivative and, consequently, reduce the 
interface between donor and acceptor. Firstly, perovskite acts as second light absorber 
within the ternary blend that is complementary to DPP and, thus, improves the overall 
light absorption of the active layer. Secondly, FAPbI3 NCs mediate the charge carrier 
separation across DPP and PCBM via an additional transfer pathway. In this way, 
perovskite improves the generation of free charge carriers as well as inhibits 
recombination between DPP+ and PCBM- or the electron re-injection into the triplet 
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excited state of DPP. The optimum FAPbI3 NCs concentration was found to be 5 wt%, 
where the lifetime of the charge separated state in ternary blends is up to 13% longer 
than in binary blends. Highest efficiencies in solar cells were obtained with a ratio of 
1:0.05:2 for DPP:FAPI:PCBM, achieving a PCE of 5.5 ± 0.3% compared to 5.0 ± 0.4% 
for the binary blend (performed in the group of Dr. Ameri).  
Thereafter, we investigated electron injection from the perovskite into PCBM while 
varying the ETM layer’s crystallinity. Polycrystalline PCBM NPs obtained from 
nanoemulsion (prepared in the group of Prof. Brabec) were utilized within an n-type 
thin-film architecture solar cell and referenced to the standard compact PCBM. Here, 
the PCBM NPs self-assemble into a mesoscale-structured layer that has a larger 
interface and a less perturbed density of states, caused by its polycrystallinity, 
compared to a compact layer of amorphous PCBM. Consequently, electrons are more 
efficiently harvested by (i) an increased interface and (ii) ultrafast injection into a more 
discrete LUMO of PCBM NPs. On top of this, hot electrons were harvested before 
thermalization by their transfer into higher energy levels within PCBM NPs. While 
perovskite transfers hot electrons into both polycrystalline and compact PCBM, a fast 
re-injection into perovskite’s CB was observed for compact PCBM only. For solar cells 
using PCBM NPs, an improved interaction between perovskite and ETM layer enables 
reproducible PCEs and a fabrication of devices with larger active layer without 
compromising its efficiency (prepared in the group of Prof. Brabec).  
Finally, we studied the charge carrier transfer process across the interface of 
perovskite and several HTMs in bilayer samples (fabricated in the group of Prof. 
Palomares). We corroborated a fast hole injection in a subpico-second to 2 ps time 
frame for spiro-OMeTAD as well as the polymer-based HTMs PTB7, P3HT, and 
PCPDTBT. Surprisingly, for PCPDTBT, we additionally observed hot electron injection 
from the perovskite into the polymer’s LUMO, which is the energetically lowest of the 
four HTMs. In the light of increasing laser intensity, the hot electron transfer and, 
particularly, the back-injection into perovskite’s CB was investigated. Here, trapped 
electrons within the HTM remain longer in PCPDTBT for lower laser intensities. This 
finding elucidates a bright luminescence of perovskite in the presence of PCPDTBT 
and, accordingly, the low photocurrent and PCE (measured in the group of 
Prof. Palomares) of solar cells using PCPDTBT as HTM. As such, future designs of 
HTMs for PSCs can be improved using energetically high LUMO levels.   
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6. Zusammenfassung 
Zusammengefasst bietet diese Arbeit ein tiefgreifendes Verständnis der in 
Bleihalogenid-Perowskit-Materialien vorherrschenden ionischen Diffusionsprozessen 
und der Interaktionen zwischen Perowskiten und sowohl Lochleitern als auch 
Elektronenleitern mittels der Betrachtung von Injektions- und 
Rekombinationsprozessen. Hierbei wurde festgestellt, dass die besonderen 
Eigenschaften der Perowskite, wie zum Beispiel eine schnelle Erzeugung freier 
Ladungsträger und relativ langlebige heiße Elektronen, zusätzliche Injektionskanäle 
zur Ladungsträgerübertragungen ermöglichen. Die Beobachtungen wurden mittels 
elektrochemischen Messmethoden wie Voltammetrie, Amperometrie, und 
Impedanzspektroskopie sowie durch zeitaufgelöste Transiente-Absorptions-
spektroskopie im Femtosekundenbereich untersucht.  
Im ersten Teil fokussierten wir uns auf die intrinsischen Eigenschaften von 
Perowskiten, wie die ionische Leitfähigkeit. Wir zeigten, dass bei einer angelegten 
Spannung hybrides Perowskit wie beispielsweise MAPbBr3 (hergestellt im Arbeitskreis 
Dr. Docampo) sich durch zwei diffundierende Komponenten auszeichnet. 
Demgegenüber haben anorganische Perowskite wie CsPbBr3 nur eine diffundierende 
Spezies. In beiden Materialien diffundieren die Halogenide und deren Fehlstellen, die 
eine niedrige Diffusionsaktivierungsenergie aufweisen, am schnellsten. Die trägeren 
Komponenten sind die organischen A-Kationen MA+, welche sich nicht nur im 
elektrischen Feld ausrichten, sondern sich auch zusammen mit ihren Fehlstellen 
innerhalb des Kristallgitters bewegen können. CsPbBr3 hat im Gegensatz zu MAPbBr3 
ein A-Kation mit geringerem fluidem Charakter, und entsprechend verbleibt Cs+ im 
Kristallgitter. Unter Anlegen einer hohen Spannung kann Cs+ zu einer Verschiebung 
gezwungen werden, wodurch es jedoch zur Zersetzung von CsPbBr3 kommt. Diese 
Beobachtung spiegelt einerseits die verbesserte Stabilität, aber auch die verringerte 
Selbstheilungsrate von anorganischem Perowskit-Materialien im Vergleich zu 
hybriden Perowskit-Materialien wider.  
Im zweiten Teil wurde der Mechanismus der Ladungsträgerinjektion 
und -rekombination zwischen hybridem Perowskit-Material und den Elektronleitern 
TiO2 und PCBM sowie verschiedenen polymerbasierten Lochleitern und 
spiro-OMeTAD untersucht. Dabei konnten wir die positive Wirkung von FAPbI3 
Nanokristallen auf den Wirkungsgrad der DPP:PCBM-beruhenden Polymersolarzellen 
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zeigen (hergestellt im Arbeitskreis Dr. Ameri). Diese Nanokristalle lagern sich an den 
Korngrenze zwischen dem Polymer und dem Fullerenderivaten an und reduzieren 
folglich die Grenzfläche zwischen den Elektronendonatoren und -akzeptoren. 
Innerhalb einer ternären Mischung agieren die Perowskit-Nanokristalle einerseits als 
zweiter Lichtabsorber, welcher komplementär zu DPP ist und somit die Lichtabsorption 
des aktiven Films erhöht. Andererseits helfen die Perowskit-Nanokristalle durch einen 
zusätzlichen Transferkanal bei der Trennung der Ladungsträger an der DPP-PCBM-
Grenzfläche. Auf diese Weise erhöht das Perowskit die Anzahl erzeugter freier 
Ladungsträger und verhindert die Rekombination zwischen DPP+ und PCBM- wie auch 
den Elektronrücktransfer in den Triplettzustand des DPPs. Die optimale Konzentration 
der FAPbI3 Nanokristalle lag bei 5 Gewichtsprozent. Dies erhöht im Vergleich zur 
binären Mischung die Lebenszeit der Ladungstrennung innerhalb der ternären 
Mischung um 13%. Die besten Wirkungsgrade der Solarzellen wurden bei einem 
Verhältnis von 1:0.05:2 für DPP:FAPI:PCBM erreicht und belaufen sich auf 5.5 ± 0.3%. 
Im Vergleich erreichen Solarzellen mit binären Mischungen 5.0 ± 0.4% (gemessen im 
Arbeitskreis Dr. Ameri).  
Darauffolgend untersuchten wir die Elektroneninjektion von hybridem 
Perowskit-Material ins PCBM im Hinblick auf die Kristallinität des elektronleitenden 
Filmes. Polykristalline PCBM-Nanopartikel wurden durch Nanoemulsion gewonnen 
(hergestellt im Arbeitskreis Prof. Brabec) und in n-leitenden Dünnfilmsolarzellen 
verarbeitet. Als Referenz dienten dabei standardisierte kompakte PCBM-Lagen. Die 
PCBM-Nanopartikel lagern sich selbstständig als ein mesoporös-strukturierter Film an, 
welcher eine größere Oberfläche und durch seine polykristalline Art eine geringere 
Verteilung der Zustandsdichte hat als amorphes PCBM im kompakten Film. 
Infolgedessen werden Elektronen effizienter gesammelt. Dies geschieht durch (i) eine 
vergrößerte Grenzfläche und (ii) ultraschnelle Injektion in diskretere unbesetzte 
Orbitale der PCBM-Nanopartikel. Zusätzlich können heiße Elektronen vor ihrer 
Thermalisierung in energiehöhere, unbesetzte Orbitale der Nanopartikel injiziert 
werden. Obwohl eine Übertragung der heißen Elektronen für beide Arten der PCBM 
Dünnfilmen beobachtbar ist, findet nur für kompaktes PCBM eine Rückinjektion in das 
Leitungsband des Perowskits statt. Solarzellen, die eine Dünnschicht der PCBM-
Nanopartikel verwenden, zeichnen sich durch eine verbesserte Wechselwirkung 
zwischen dem Perowskit und dem elektronleitenden Material aus, wodurch es zu 
gesteigerter Reproduzierbarkeit der Wirkungsgrade kommt (gemessen im Arbeitskreis 
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Prof. Brabec). Außerdem ist es möglich effiziente Solarzellen mit einer größeren 
aktiven Oberfläche zu bauen.  
Abschließend haben wir die Ladungsträgerübertragung an der Grenzfläche der 
Doppelschichten von hybridem Perowskit mit verschiedenen lochleitenden Materialien 
untersucht (hergestellt im Arbeitskreis Prof. Palomares). Wir haben bewiesen, dass 
sowohl für spiro-OMeTAD als auch lochleitende Polymere wie PTB7, P3HT und 
PCPDTBT die schnelle Lochinjektion innerhalb eines Zeitrahmens im 
Subpikosekundenbereich bis zu 2 ps stattfindet. Interessanterweise entdeckten wir 
dabei die Übertragung von heißen Elektronen des Perowskits in unbesetzte Orbitale 
des Polymers PCPDTBT, welches das tiefliegendste LUMO der vier lochleitenden 
Materialien hat. Mittels ansteigender Laserintensitäten konnten wir die Übertragung 
der heißen Elektronen und besonders ihre Rückinjektion in das Leitungsband des 
Perowskits untersuchen. Hierbei stellte sich heraus, dass bei einer niedrigen 
Laserintensität die im Lochleiter festsitzenden Elektronen länger verweilen. Diese 
Beobachtungen erklären die helle Lumineszenz der Perowskit-Filme in 
Doppelschichten mit dem Lochleiter PCPDTBT und entsprechend auch den niedrigen 
Fotostrom und Wirkungsgrad (gemessen im Arbeitskreis Prof. Palomares) der 
Solarzellen, welche PCPDTBT als Lochleiter haben. Daher ist es ratsam beim Design 
neuer Lochleiter für Perowskit-Solarzellen auf ein energetisch hohes LUMO zu achten.  
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9. List of abbreviations 
 
 
 
 
 
meV Milli electron volt 
min Minute 
MPP Maximum power point 
ms Millisecond 
NC Nanocrystal 
NIR Near-infrared 
nm Nanometer 
NP Nanoparticle 
O Optical  
O.D. Optical density 
P Power 
PCBMcompact Compact layer of PCBM 
PCBMNPs Mesoporous layer of PCBM NPs 
PCE, η Power conversion efficiency 
PIA Photoinduced absorption 
PL Photoluminescence 
ps Picosecond 
PSC Perovskite solar cell 
R Resistance 
Re Electrical resistance 
RI Ionic resistance 
RS Series resistance 
S Siemens 
s Second 
SAS Species associated spectrum 
SE Stimulated emission 
TCO Transparent conducting oxide 
TWh Terawatt hours 
V Voltage 
VI Iodide vacancy 
VMA MA+ vacancy 
VB Valence band 
vis  Visible  
VS Vibration state 
wt% Percent by weight 
Z Impedance 
ε0 Permittivity in vacuum 
εeff Dielectric constant 
εR 
Permittivity in a dielectric 
medium 
λexc Excitation wavelength 
µs Microsecond 
φ Phase angle 
Ω Ohm 
ω Angular frequency 
°C Degree Celsius 
A Ampere 
AC Alternating current 
Ag Geometric area 
C Capacitance 
Ceff Effective capacitance 
CEDL Electrical double layer capacitance 
Cgeo Geometric capacitance 
CB Conduction band 
CPE Constant phase element 
CPEEDL 
Electrical double layer constant 
phase element 
CPEgeo Geometric constant phase element 
d Distance 
DC Direct current 
DSSC Dye-sensitized solar cell 
e- Electron 
EFn Quasi-Fermi level of electrons  
EFp Quasi-Fermi level of holes 
Eg Band-gap energy 
EDL Electrical double layer 
EIS 
Electrochemical impedance 
spectroscopy 
ESA Excited-state absorption 
ETM Electron transporting material 
eV Electron volt 
f Frequency 
FF Fill factor 
fs Femtosecond 
fs-TAS 
Femtosecond transient absorption 
spectroscopy 
G Conductance 
GAL Active layer conductance 
GSB Ground state bleaching 
h Hour 
HIOP Hybrid inorganic-organic perovskite 
HOMO Highest occupied molecular orbital 
HTM Hole transporting material 
Iexc Excitation pulse 
Ip Probe pulse 
J Current density 
J-V Current density voltage 
K Kelvin 
L Longitudinal 
Lcab Cable inductance 
LEC Light emitting electrochemical cell 
LED Light emitting diode 
LUMO 
Lowest unoccupied molecular 
orbital 
m Meter  
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Al Aluminum 
Au Gold 
Br Bromine 
C Carbon 
Cl Chlorine 
CPB Cesium lead triiodide 
Cs Cesium 
DPP Diketopyrrolopyrrole 
FA+ Formadinium 
FAPI Formadinium lead triiodide 
FTO Fluorine-doped tin oxide 
H Hydrogen 
I Iodine 
ITO Indium-doped tin oxide 
MA+ Methylammonium 
MAPB Methylammonium lead tribromide 
MAPI Methylammonium lead triiodide 
N Nitrogen 
P3HT Poly(3-hexylthiophene-2,5-diyl) 
Pb Lead 
PbI2 Lead(II) iodide 
PCBM [6,6]-phenyl-C61-butyric acid methyl ester 
PC71BM [6,6]-phenyl-C71-butyric acid methyl ester 
PCPDTBT 
Poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b′]dithiophene)-alt-4,7(2,1,3-
benzothiadiazole)]  
pDPP5T-2 Diketopyrrolopyrrole–quinquethiophene 
PEDOT Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
PEN Polythylene naphthalate 
PMMA Poly(methyl methacrylate) 
PTB7 
Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] 
Spiro-
OMeTAD 
2,2′,7,7′‐tetrakis‐(diphenylamino)‐9,9′‐spirobifluorene 
TiO2 Titanium dioxide 
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